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1.1 RNA, RNA folding and misfolding 
 
RNA is a widespread linear biopolymer, which consists of four different types of 
ribonucleotides (adenine, uracile, cytosine and guanine) that are linked by phosphodiester 
bonds. Some viruses store their genetic information using RNA molecules in contrast to 
bacteria and eukaryotes that store their genetic information using DNA. Apart from storing 
genetic information, RNA is also used in a wide variety of tasks. Messenger RNA (mRNA) is a 
copy of the genes encoded in DNA and used as a template for protein synthesis, transfer 
RNA (tRNA) functions as an adaptor of selected amino acids to the ribosome and thus helps 
translate the three letter code of the genetic information into the twenty one letter code of 
proteins while ribosomal RNA (rRNA) forms the core of the ribosome and makes up 
approximately 80 % of all RNA in a cell. There are also small RNAs such as small nuclear RNA 
(snRNA), which directs splicing of pre-mRNA and small nucleolar RNA (snoRNA), which 
processes and chemically modifes rRNAs. As RNA molecules are single stranded, they can 
fold into many different shapes that allow some RNA molecules to have structural as well as 
catalytic functions. These functions include processing of tRNA[1], processing and translation 
of mRNA[2-3], protein translocation into the endoplasmatic reticulum (ER)[4] as well as 
maintenance of the ends of chromosomes[5]. All of these processes are carried out by rather 
complex enzymes built by proteins and structured RNAs. Similar to proteins, RNA molecules 
can adopt secondary and tertiary structures. To a great extent the stability of secondary 
structures depends on very local interactions such as base-pairing and stacking with nearby 
nucleotides, thus these secondary structures are extremely stable[6-8]. Starting from these 
stable secondary structures, specific tertiary structures can be formed. These structures are 
important since, although some recognition by binding proteins is based on the sequence of 
the RNA, most RNA recognition proteins rely on such three-dimensional elements for 
specific binding[9]. Unfortunately RNA does not only fold into its correct structure, but also 




encounters upon folding. It can be kinetically trapped in alternative conformations due to 
many local and global minima in the energy landscape and moreover there is a difficulty in 
specifying a single tertiary structure being thermodynamically favoured over competing 
structures[10]. Due to the fact, that the diversity of the nucleotides is very limited with four 
versions only, there is a high probability for an RNA strand of a significant length to end up in 
non-native base-pairs. These so formed secondary structures are long-lived with an RNA 
duplex of 10 base pairs having a dissociation half-life of about 30 minutes[11]. Therefore this 
non-native secondary structures can interfere with proper folding of the RNA up to time-
scales that are important for RNA function[12]. RNA binding proteins can ensure proper 
function of the RNA by resolving these structures or by hindrance of formation of these 
misfolded RNAs. RNA conformations can thus temporally and spatially be controlled by RNA-
dependent ATPases that might act as RNA chaperones[10]. The concept of such RNA 
chaperones was proposed nearly 40 years ago[13-14] and is supported by the finding, that the 
ribosomal subunit 5S and tRNAs kinetically trapped in alternative folds could be renatured 
by the action of the protein UP1, a fragment of hnRNP A1 protein[10].  
 
1.2 DEAD-box RNA proteins 
 
An important class of proteins that can dissolve RNA structures is the family of DExH/D 
proteins, which is the largest subgroup of the helicase superfamily 2[15]. Although this group 
of enzymes is involved in many different processes, the catalytic cores of the proteins are 
very similar with regard to function and possibly also mechanisms. The processes DEAD-box 
proteins are involved in include remodelling of RNA or protein/RNA structures[16-17], 
dissociating RNA/protein complexes[18], or RNA annealing[19-21] and only a few examples 
show unwinding activity. Specificity and differences in the function of the holoenzyme are 
conferred by additional N-terminal or C-terminal domains attached to the catalytic core. 
DEAD-box proteins share a catalytic core. Within this catalytic core ten conserved motifs that 









Figure 1 depicts the conserved motifs found in DEAD-box proteins. Motifs I and II bind NTPs and are also known 
as Walker A and Walker B motif. Motif I binds phosphates of NTPs by a pocket that is formed by a loop also 
called P loop. Motif II on the other hand binds β and γ phosphates through a coordinated Mg
2+
. Motifs Ia, Ib, IV 
and V are also involved in binding of substrates and motifs III and VI couple NTP binding and hydrolysis to 
conformational changes necessary for helicase activity.  
 
Motifs I and II bind NTPs and are also known as Walker A and Walker B motif[23]. Motif I 
binds phosphates of NTPs by a pocket that is formed by a loop also called P loop. Motif II on 
the other hand binds β and γ phosphates through a coordinated Mg2+[24]. Motifs Ia, Ib, IV and 
V are also involved in binding of substrates and motifs III and VI couple NTP binding and 
hydrolysis to conformational changes necessary for helicase activity[25-26]. Motif III 
furthermore coordinates motif I, II and VI to the γ phosphate of ATP to create a high affinity 
binding site for RNA[27]. Crystal structures of SF1 and SF2 helicases show two globular 
domains generally containing five β-strands being surrounded by five α-helices. This fold 
resembles the folding of the RecA ATPase[28], therefore these domains are often referred to 
as RecA-like domains[15]. The two RecA domains of the catalytic core are connected by a 
flexible linker[29]. In the absence of substrates the relative orientation of these domains is 
not well defined. Upon binding of RNA and/or NTPs the orientation of the two domains gets 
more defined, suggesting a possible mean of how cooperativity of RNA and nucleotide 








Figure 2: Open and closed conformations of DEAD-box proteins. Panel A is a superimposition on the N-terminal 
RecA domain of crystal structures of DEAD-box proteins in the absence of any ligands, the C-terminal domain is 
shown in surface representations. eIF4A-I (Sachharomyces cerevisiae, PDB-ID 1fuu) is shown in green, mjDeaD 
(Methanococcus jannaschii, PDB-ID 1hv8) is shown in magenta, Dhh1p (Sachharomyces cerevisiae, PDB-ID 
1s2m) is shown in cyan, DeaD (Sulfolobus tokodaii, PDB-ID 2z0m) is shown in orange and eIF4A-III (human, PDB-
ID 2hxy) in blue. Panel B shows a superimposition of DEAD-box proteins in the presence of ssRNA and ADPNP 
or ADP·AlF4 respectively. The structure of Vasa in complex with RNA and ADPNP (Drosophila melanogaster, 
PDB-ID 2db3) in green is superimposed with the structure of eIF4A-III in complex with RNA and ADPNP (human, 
PDB-ID 2hyi) in magenta or in complex with RNA and ADP·AlF4 (PDB-ID 3ex7) in cyan. Panel C is a 
superimposition of eIF4A-III (human, PDB-ID 2hxy) in dark blue and the structure of eIF4A-III in complex with 
RNA and ADPNP (human, PDB-ID 2hyi) in light blue.  
 
Only a few DEAD-box helicases, such as the translation initiation factor eIF4A or the 
Methanococcus jannaschii DeaD protein consist of a helicase core only. The basic DEAD-box 
helicase functions are modulated by large N-terminal and/or C-terminal extensions. These 
modulations in helicase activity include conferment of substrate specificity or mediation of 
contacts with interacting proteins[31]. The impact of such extensions could be shown by 




YxiN. SrmB is an E.coli protein showing no RNA specificity as tRNA, rRNA and RNA 
homopolymers can activate ATP hydrolysis activity[32]. YxiN is a DEAD-box protein from 
B.subtilis having a strong specificity for ribosomal 23S RNA[33]. The chimera described above 
displayed 23S rRNA-specific activation of ATP hydrolysis, with rates corresponding to the 
rates observed for SrmB and similar results were found for unwinding activity in vitro[34]. The 
requirement for specificity in DEAD-box proteins is very different depending on the process 
the helicase is involved in. That is why many proteins such as translation initiation factors or 
subunits of degradation machineries show no substrate specificity, as they encounter 
different substrates whereas other DEAD-box proteins which are involved in ribosome 
biogenesis or pre-mRNA splicing could have (strong) substrate specificity[15]. Most DEAD-box 
proteins are non-processive enzymes. This lack of processivity can be explained by the fact 
that the putative substrates of the best characterised RNA helicases generally contain duplex 
regions below 10 basepairs. This is approximately the size of a binding site of DEAD-box 
proteins and can be unwound by a single step of unwinding[22], as the stepsize of DEAD-box 
proteins is assumed to be around 5-6 basepairs[35]. A processive activity as seen for DNA 
helicases is not needed and the proteins might rather act as temporary clamps preventing 
reassociation of RNAs and thereby allowing other RNA/RNA or RNA/protein interactions to 
occur. By doing so they could ensure directionality and efficiency of multistep reactions such 
as pre-mRNA splicing and ribosome assembly[22]. The DEAD-box protein CYT-19 from 
Neurospora crassa is able to completely separate two strands using a single ATP and the 
Saccharomyces cerevisiae proteins Mss116 and Ded1 show a similar behaviour. Strand 
separation is strongly dependent on ATP, which is reflected by the fact, that ADPNP does not 
induce this separation. Nevertheless under certain conditions considerably less than one ATP 
is hydrolysed per separation event[36]. ATP binding and not hydrolysis thus seems to enhance 
the strand separation activity by stabilising or inducing a protein conformation that 
promotes strand separation[36]. The process of unwinding has been described by three 
models known as the inchworm model (Figure 5), the active rolling model (Figure 4) and the 
destabilising model (Figure 3). In the destabilisation model the DEAD-box helicase binds to 
single stranded regions adjacent to double stranded regions of the RNA substrate and upon 
stepping through the nucleotide cycle a conformational change induced in the catalytic core 




both RecA core domains have the ability to bind RNA, this conformational change leads to a 
local perturbation of the RNA structure[37-38]. Given that the DEAD-box protein binds in close 
proximity to an ss/ds RNA junction, these structural alterations of the RNA could be enough 
to destabilise a few base pairs of the duplex region, even if the ss/ds RNA junction is not 
adjacent to the duplex region[39]. The energy needed for that process could come from ATP 
hydrolysis or from ATP binding alone. In the latter case, ATP hydrolysis would lead to a reset 





Figure 3 (adapted from
[15]
): Scheme of the destabilising model. Nucleotides are shown in red for ATP and in 
orange for ADP. Binding of the DEAD-box protein and a conformational change in the RecA core domains, both 
binding to RNA, induced in the nucleotide cycle lead to a destabilisation of the RNA duplex region. The energy 
needed in this process originates from ATP hydrolysis or ATP binding alone therefore also ADP binding could 





The active rolling model of RNA unwinding requires the DEAD-box protein to be a dimer with 
one monomer having high affinity for single stranded RNA and one monomer having high 
affinity for double stranded RNA. The conformational states of the monomers vary upon 
binding and hydrolysis of ATP. This allows the dimer to act “hand-over-hand” to move along 
the RNA while unwinding double stranded regions. Nucleotide dependent differences in the 
RNA binding site of the helicase could induce the required conformational alterations of the 
RNA by forcing the double stranded phosphate backbone into an energetically unfavourable 
conformation[22]. 
 
  Figure 4 
 
Figure 4: Scheme of the active rolling model. This model requires a DEAD-box protein being active as a dimer. 
One monomer is shown in light blue and the other is shown in dark blue. ATP is shown in red and ADP in 
orange. One monomer of the dimer has high affinity for double stranded RNA and one monomer of the dimer 
has low affinity for double stranded RNA. Upon nucleotide exchanges and conformational changes linked to 
these exchanges the dimer can move “hand-over-hand” on the RNA strand and induce conformational 
alterations of the RNA, leading to RNA unwinding.  
 
The inchworm model describes the mode of action of monomeric DEAD-box proteins. Here, 
the monomer undergoes a conformational change that is associated with the binding and 




or further apart. Although both domains are bound to the RNA substrate, they have to 
temporarily and sequentially dissociate from the substrate. Also here conformational 
changes of the RNA substrate are induced by forcing the double stranded phosphate 
backbone in an energetically unfavourable conformation[22]. Since most of the DEAD-box 
proteins are found to be monomers rather than dimers this model does not have a big 




Figure 5: Scheme of the inchworm model. ATP is shown in red. The monomeric DEAD-box protein undergoes a 
conformational change associated with the binding and hydrolysis of ATP. The catalytic core domains have to 
temporarily and sequentially dissociate from the RNA substrate and induce conformational alterations of the 
RNA, leading to RNA unwinding by moving along the RNA strand.  
All in all none of the above described models completely describes the unwinding mode of 




direction that binding of RNA to the RecA domains leads to a kink in the RNA as both the 5’-
end and the 3’-end get bent upon structural rearrangements of the core[37]. This kink can be 
introduced on an ss/ds RNA junction[15], or within a double stranded region[39]. This kinking 
of the RNA then leads to a destabilisation of the RNA duplex and finally to unwinding.  
 
 
1.3 DbpA from E.coli and YxiN from B.subtilis 
 
DbpA from E.coli and its homolog YxiN from B.subtilis are both DEAD-box enzymes with the 
characteristic catalytic core. In addition to this core, they have a C-terminal domain 
containing seven highly conserved basic amino acids suggesting a role in RNA binding and 
thus called the RBD (RNA binding domain)[33]. DbpA is an ATP-dependent RNA helicase with 
sequence specificity, depending on the presence of hairpin 92 of the 23S rRNA[40]. In contrast 
to the RBD which demonstrates high substrate specificity and binding affinity for the above 
mentioned substrate, the catalytic core binds RNA unspecifically and with low affinity. 
Therefore the RNA binding domain (RBD) is responsible for the substrate specificity to 
hairpin 92[41]. Binding of a 32mer fragment lacking helix 90 shows a reduced binding affinity 
to full-length DbpA compared to an RNA substrate containing helix 90[42]. The substrate 
rRNA containing hairpin 92 spans bases 2496-2588 and is part of the peptidyltransferase 
center of the ribosome and contains bases involved in interactions with the 3’-terminal 
adenosines of A- and P-site tRNA. The A-site is the site of the ribosome where the new 
aminoacyl tRNA binds at the beginning of each translation step and the P-site is the site 
where the polypeptide chain resides. DbpA thus might be involved in establishing and 
maintaining the proper structure of the peptidyltransferase center during ribosome 
biogenesis[40]. This assumption is also supported by the observation that although 23S 
subunits stimulate ATPase activity of DbpA, neither mature ribosomes nor 50S subunits 
strongly stimulate this activity, although hairpin 92 is accessible to tRNAs during translation 





 Figure 6: 153mer of 23S rRNA with hairpin 92 
 
 
As shown in Figure 6, the 23S rRNA does not have long regions of secondary structures or 
long-ranged tertiary interactions. It is therefore likely, that DbpA disrupts short regions of 
double stranded RNA in the process of ribosome biogenesis. This is further supported by the 
fact that DbpA was the first DEAD-box protein shown to have site-specific helicase activity in 
vitro[34]. DbpA is non-processive, being able to unwind double stranded RNA of a length of 9 
base pairs, but not 15 base pairs[44]. Although hairpin 92 is the determinant of substrate 
specificity, it is neither an effective inhibitor nor an activator of ATP hydrolysis activity for 
DbpA on its own. This suggests that the single-stranded extensions in the 153mer fragment 
are required for high affinity RNA binding and for stimulation of ATP hydrolysis. Since these 
extensions have no sequence requirements, it is likely that they contribute to binding 
through backbone contacts[45].  
The Bacillus subtilis homolog of DbpA, YxiN also binds to the 153mer fragment of the 23S 
rRNA and thus might as well function in ribosome biogenesis in Bacillus subtilis as DbpA does 
in Escherichia coli[33]. Furthermore YxiN also shows 153mer stimulated ATP hydrolysis[33] and 
double stranded RNA unwinding activity[46]. In YxiN, the C-terminal extension, the RBD, spans 
amino acids 404-479, is rich in basic amino acids and linked to the C-terminal domain of the 
catalytic core by a flexible linker spanning amino acids 369-403. The task of the RBD seems 




core does not confer any RNA specificity to the core and also does not affect the ATPase 
rate[41]. Although the tertiary fold of the YxiN RBD (see Figure 7) is similar to that of RNA 
recognition motifs (RRM) prevalent in eukaryotes, RNA binding assays of YxiN RBD mutants 




Figure 7  
Figure 7:  Panel A: 1.7 Å resolution crystal structure of the YxiN RBD (PDB ID: 2G0C). Panel B: 2.9 Å resolution 
crystal structure of the YxiN RBD bound to a fragment of the 23S rRNA containing hairpin 92 (PDB ID: 3MOJ). 
The figure was created using PyMOL (DeLano, W.L. The PyMOL Molecular Graphic system, 2002). 
 
To localise the YxiN RBD relative to the YxiN catalytic core, the RBD structure was localised to 
a homology model of the catalytic core that was created using the crystal structure of DeaD 
from Methanococcus jannaschii as a template using a FRET based orientation approach since 
there is no structure of the full-length enzyme available. The homology model superimposes 
well to the crystal structure of the C-terminal RecA domain which shows that the structure 




   Figure 8 
Figure 8: Superimposition of the homology model of the YxiN core using DeaD from Methanococcus jannaschii 
as a template (PDB ID: 1HV8; dark blue) with a 1.95 Å crystal structure of the C-terminal RecA domain of YxiN 
(PDB ID: 2HJV; light blue).  
 
This approach led to a model where the RBD lies above a slightly concave region of the C-
terminal RecA domain (see Figure 9). This region is formed by flexible loops on the surface of 
the latter domain[48]. 
   Figure 9 
Figure 9
[48]
: Orientation of the YxiN RBD relative to the homology model of the YxiN catalytic core. Residues 
highlighted in red are residues that lead to destabilisation upon mutations to cysteine (necessary for the FRET 
approach) or were not accessible by the malemeide group. Residues highlighted in green are residues that 
were mutated to cysteine and used for the FRET study and positioning. 
Single molecule FRET studies on the YxiN catalytic core show that the two domains are in an 
open conformation relative to each other in the absence of any substrate, in the presence of 
ATP, ADP, RNA and ADP+RNA. The presence of ATP+RNA on the other hand induces a 
closure of the cleft indicating that the ATP-bound and the ADP-bound states of YxiN are only 




N-terminal core domain, the C-terminal core domain and the RBD constitute autonomous 
folding units and it has been proposed that interdomain communication is necessary for 
efficient helicase activity[49]. This communication includes closure of the cleft between the 
two core domains upon ATP and/or RNA binding. As previously mentioned, different DEAD-
box proteins show different arrangements of the RecA domains in the open state[16, 50-54] but 
not in the closed state[38,55] suggesting that there must be a need for interdomain 
communication. Most of the nucleotide binding motifs are located in the N-terminal core 
domain but the C-terminal domain contributes significantly to tight nucleotide binding, as 
reflected by the fact, that a covalent connection of the two core domains is essential. A 
mixture of N-terminal and C-terminal domains without any covalent linkage does not exhibit 
any ATPase or helicase activity[49]. The study at hand investigates the impact of the linker in 





2. Aim of Research 
 
Previous to this study a lot of research was performed on the mechanistics of enzyme 
function and on the conformational states of YxiN using different mutations in the conserved 
motifs. It could be shown that a mutation of the conserved lysine in motif 1 to a glutamic 
acid (K52Q) leads to a closure of the interdomain cleft in the catalytic core, but does not 
show any unwinding and ATP hydrolysis activity. A double mutation of the motif III from SAT 
to AAA leads to a reduced ATP hydrolysis rate and induces a closure of the cleft in the 
catalytic core. Again, it is unwinding deficient. These results indicate that closure of the cleft 
is necessary but not sufficient to support helicase activity. Mutating a glycine in motif V to 
alanine (G303A) prevents complete closure of this interdomain cleft, affects ATP binding and 
hydrolysis and unwinding activity. Assuming that cooperative binding of ATP and RNA in 
DEAD-box proteins and the induced closure of the helicase core with extensive interactions 
across the domain interface leads to a bending in the bound RNA and this distortion of the 
RNA being the first step towards RNA unwinding, it is possible that the K52Q and motif II 
mutants still introduce a kink into the backbone, but G303A fails to kink the RNA 
substrate[56]. These studies show, amongst other things, the importance of functional 
interdomain communication in the helicase core. This is further supported by the finding, 
that non-covalently linked subunits of YxiN do not show any enzymatic activity[49]. This study 
now focuses on the role of the linker providing this covalent linkage of the helicase catalytic 
core. The impact of linker length and linker sequence on nucleotide and RNA binding 
properties and enzymatic functions such as ATP hydrolysis and double stranded RNA 
displacement will be examined. Further investigation will focus on the effect of these linker 
mutations on the ability to induce the conformational change in the catalytic core. 
Fluorescence and fluorescence anisotropy spectroscopic methods, photometric methods as 
well as single molecule FRET techniques will be employed to describe the properties of these 
linker mutants. We hope to get insight into the role and importance of this linker connecting 
the two catalytic core domains. Although there is a definite need for a covalent linkage of 
the two core domains, there seems to be no clear limitation in sequence requirements and 




approach chosen for this work was to start with the native length of the linker between the 
two catalytic core domains and change its sequence and then gradually increase and 








DEAD-box RNA proteins are enzymes that bind and unwind RNA. It is assumed that this class 
of enzymes is involved in the structural conversion and correct folding of complex RNAs such 
as ribosomal RNA. 
YxiN is a DEAD-box RNA protein from Bacillus subtilis that recognises hairpin 92 of the 23S 
rRNA. The protein consists of a catalytic core formed by two RecA domains connected by a 
linker of 9 amino acids and a C-terminal domain conferring substrate specificity. The 
sequence motifs for ATP binding, ATP hydrolysis and RNA binding are located in the two 
RecA domains of the helicase catalytic core and communication between these two domains 
is crucial for enzymatic function[49]. 
To investigate the role of the linker between the two RecA domains of the DEAD-box 
helicase core, its length and sequence were modified. RNA stimulated ATPase activity of YxiN 
mutants and YxiN wildtype was characterized by a coupled enzymatic steady-state ATPase 
assay and unwinding assays were performed using a double stranded RNA minimal 
substrate. Nucleotide binding affinities were determined by displacement titrations of 
nucleotide with a preformed complex of enzyme with a fluorescently modified nucleotide in 
the absence and the presence of a minimal RNA substrate. RNA binding affinities were 
determined by anisotropy titrations of a fluorescently labeled minimal substrate with YxiN 
wildtype and YxiN mutants. Conformational changes were investigated in confocal smFRET 
experiments. 
This work could show that extension of the linker up to 15 amino acids led to a drastic 
reduction of ATPase activity. This effect was even more pronounced in mutants with 
shortened linkers. Reducing the linker length to 4 amino acids resulted in a completely 
ATPase-deficient enzyme. However nucleotide binding studies of the different mutants 
showed that ATP affinity is increased in all the mutants when compared to the wildtype 
enzyme. If additionally an RNA substrate is present the increase in ATP affinity thus can only 




show a decrease in ATP affinity. The affinities for the pre-hydrolysis ATP-analogue ADP·BeFx 
are lower for the YxiN linker mutants compared to YxiN wildtype in the absence of RNA, but 
similar to YxiN wildtype in the presence of RNA. In the absence of RNA the affinities of the 
YxiN linker mutants for ADP are similar to those found for YxiN wildtype but are clearly 
decreased in the presence of RNA. The linker in the catalytic core also has some influence on 
RNA binding as reflected by the increase in affinity for RNA in the YxiN linker mutants 
compared to YxiN wildtype in the absence of nucleotide and in the presence of ADP·BeFx. 
Changing the linker length leads to lower RNA affinities in the presence of ADPNP and to 
higher RNA affinities in the presence of ADP. The same trends seen for ATPase activity are 
observed for unwinding activities of these mutants with the longest and shortest constructs 
being unwinding deficient. Differences in unwinding rates depending on the nucleotide 
present could be observed. Unwinding rates with ATP are in general higher than unwinding 
rates with ADP·BeFx. Single molecule FRET experiments indicated that mutants with the 
shortest and the longest linkers did not adopt a closed conformation in the presence of RNA 
substrate and ATP but in all other YxiN mutants as well as in YxiN wildtype.  
These results indicate that the linker between the catalytic core RecA domains of YxiN plays 
a key role in regulation of the enzyme activity. Furthermore, it is evident that the length of 
the linker for efficient interdomain communication and thus enzymatic activity between the 





4. Materials and Methods 
 
4.1.  Consumables 
 
BD (Franklin Lakes, USA) 50 ml conical tubes, PP; Microlance-3 needles, 0.90 x 40 mm; 
serological pipettes 1 ml, 10 ml, 25 ml, 50 ml 
Bio-Rad Laboratories (Hercules, USA) Micro BioSpin 30 Columns, RNase-free 
Brand (Wertheim, D) UV-cuvettes PLASTIBRAND micro, z = 8.5 mm, 2 x 3.5 mm 
CODAN Medical (Rødby, DK) single use syringes 2 ml, 10 ml, 50 ml 
Eppendorf (Hamburg, D) Safe-Lock tubes ambra 1.5 ml; Safe-Lock tubes 2 ml 
G. Kisker (Steinfurt, D) Quali-“Low Retention” tubes, 1.7 ml 
Sarstedt (Nürnbrecht, D) 15 ml conical tubes, PP; cuvettes 10 x 4 45 mm; Filtropur S 0.2 µm; 
Micro Tube 1.5 ml, PP; Multiply-Pro cup, 0.2 ml, PP 
Sartorius Stedim Biotech (Aubagne, F) filter Midisart 2000; Vivaspin 20 concentrator 10’000 
MWCO PES; Vivaspin 6 concentrator 10’000 MWCO PES; Vivaspin 500 concentrator 10’000 
MWCO PES; Vivaspin 15R concentrator 2’000 MWCO 
Spectrum Laboratories (Rancho Dominguez, USA) Spectra/Por dialysis membrane 12-14’000 
MWCO and 3’500 MWCO 
Starlab (Ahrensburg, D) TipOne Tips 10 µl, 200 µl, 1000 µl 
Thermo Fisher Scientific (Rockford, USA) Lab-Tek chamber slides, 8 chambers, glass slide 





4.2.  Reagents and Enzymes 
 
Aldrich (Steinheim, D) MgSO4 
AppliChem (Darmstadt, D) glycerol, anhydrous, p.A.; L-glutathione, reduced 
Carl Roth (Karlsruhe, D) NaCl > 99.8 %; peptone; yeast extract, pulv 
EPICENTRE Biotechnologies (Madison, USA) T7 RNA and DNA Polymerase 
Fermentas (St.Leon-Rot,D) PageRuler Plus prestained protein ladder; 2x RNA loading dye 
Fluka (Buchs, CH) activated charcoal, purum;  
Invitrogen (Eugene, USA) Alexa Fluor 488 C5-maleimide; Alexa Fluor 546 C5-maleimide; 
TCEP; TEV protease 
Jena Bioscience (Jena, D) mant-ADP, > 95 % 
Merck (Darmstadt, D) ethanol, absolute; potassium acetate, puriss.; 2-propanol, p.A. 
New England BioLabs (Ipswich, USA) BSA (10 mg/ml); DNA ladder, 1 kb; 100 bp; DpnI 
(20’000 U/ml) 
Pharma Waldhof (Düsseldorf, D) ATP and ADP disodium salt 
Promega (Madison, USA) GoTaq DNA polymerase (5 u/µl); Pfu DNA polymerase (2-3 U/µl); 
Pfu DNA polymerase 10x reaction buffer; Wizard SV Gel and PCR Clean-Up System 
Qiagen (Hilden, D) QIAprep Spin Miniprep Kit (250); QIAquick Nucleotide Removal Kit (50) 
Radiant Dyes Laser Acc.  (Wermelskirchen, D) Uranin (fluorescein) 
Reuss-Chemie (Tägerig, CH) 2-propanol, tech. 
Roche Diagnostics (Mannheim, D) Complete EDTA-free Protease Inhibitor Cocktail Tablets; 




disodium salt; PEP; proteinase K, recombinant, PCR grade; pyruvate kinase from rabbit 
muscle 
Sigma Aldrich (St.Louis, USA) ADPNP tetralithium salt hydrate, ~ 95 % (HPLC); ATP disodium 
salt, Grade I, ≥ 99 %; CoCl2x6 H2O; CuCl2x 2 H2O; CTP disodium salt ≥ 95 %; deoxynucleotide 
Set (dATP, dCTP, dGTP, dTTP), DMSO ≥ 99.9 %; ethanol, purum; FeCl3x 6 H2O; GTP sodium 
salt hydrate, ≥ 95 % (HPLC); Na2MoO4x 2 H2O; spermidine, min. 98 % (GC); UTP trisodium salt 
hydrate, Type IV, 90-95 % 
VWR (Briare, F) glycerol ~ 87 % 




4.3.  Instrumentation 
 
Centrifugation Heraeus Biofuge pico with rotor 33258; Sorvall RC 5C plus with rotors 
SLA3000 and SS34 (both Kendro Laboratory Products, Langenselbold, D); centrifuge 5402 
with rotor F-45-18-11 (Eppendorf, Hamburg, D) 
Electrophoresis Hoefer multiple gel caster; gel electrophoresis unit Mighty Small II (8 x 7 
cm); power supply EPS 300, 301 and 1001 (all of them Amersham Biosciences Europe, 
Freiburg, D); gel documentation system EDAS 290 (Kodak, Stuttgart, D) equipped with 
Transilluminator FT-20/254/365 (Herolab, Wiesloch, D) 
Fluorescence measurements Fluorimeter Hitachi F-4500 (Hitachi-Hitec, Tokyo, JP); 
fluorimeter FluoroMax-3 (HORIBA JOBIN YVON, Stanmore, UK) and precision cells made of 





Photometric measurements UV/Visible Spectrophotometer Ultraspec 2100pro (Amersham 
Biosciences Europe, Freiburg, D); UV/Vis photometer BioPhotometer (Eppendorf, Hamburg, 
D) 
Preparative HPLC LC system ÄKTAprime (GE Healthcare, Chalfont St. Giles, UK) equipped 
with SEC columns HiLoadTM 16/60 Superdex 200 pg, resins Glutathione Sepharose 4 FF and 
Chelatin Sepharose FF, LC columns XK 16, Superloop 50 ml (all Amersham Biosciences 
Europe, Freiburg, D) 
Electroelution system Elutrap (Schleicher&Schuell, Dassel, D) 
Membrane pHmeter HI 8314 (Hanna instruments, Kehl, D) 
Microfluidizer M-110L (Microfluidics, Newton, USA) 
PCR machine Mastercycler gradient (Eppendorf, Hamburg, D) 
Shaker Minitron (Infors, Bottmingen, CH) 
Thermostat ThermoStat plus (Eppendorf, Hamburg, D) 
Confocal Fluorescence Microscope for SmFRET Measurements FRET events from single 
molecules freely diffusing in solution were detected on a home-built confocal microscope. 
The excitation light was generated by a modelocked, solid-state Ti:sapphire laser (Tsunami, 
Spectra-Physics, Mountain View, USA) that was pumped by a continuous wave Nd:VO4 diode 
laser (Millenia pro, Spectra-Physics, Mountain View, USA). The emitted light of 951 nm 
passed a frequency doubler (Model 3980, Spectra-Physics, Mountain View, USA) and a 
frequency doubler/tripler (GWU, Spectra-Physics, Mountain View, USA) resulting in light of 
475 nm. Passing a λ/2 plate, an adjustable neutral density filter and a notch filter the beam 
was directed into an inverted microscope (IX71, Olympus, Tokyo, JP). The beam was then 
focussed into the sample by a water immersion objective (UPlanApo, NA = 1.2, Olympus, 
Tokyo, JP). The fluorescence was collected by the same objective and transmitted to the 
detection part via a dichroic beam splitter (DM505; Olympus, Tokyo, JP). A lens focussed the 
light to a pinhole (100 µm) selecting the infocus light only. After passing a second lens the 




CAN) detecting donor photons and a second APD (SPCM-AQR-14, PerkinElmer, Dumberry, 
CAN) detecting acceptor photons. The signal from the APDs was sent via a router to a single 
photon counting card (SPC-630, Becker & Hickl, Berlin, D) and processed. 
 
 
4.4.  Plasmid and bacterial strains 
 
Prior to this work nucleotides 2481-2634 of B.subtilis 23S rRNA were cloned into the 
restriction sites BamHI/HindII of pUC18 (Fermentas, St. Leon-Rot, D). This construct was 
used for in vitro transcription. Also prior to this work yxiN wildtype was cloned into the 
restriction sites NcoI/XhoI of pETM30 (G. Stier, EMBL, Heidelberg, D). Mutations were then 
introduced using QuickChange mutagenesis.  
All plasmids were propagated in XL1-Blue E.coli cells (Stratagene, La Jolla, USA). 
recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F’proAB lacIqZDM15 Tn10 (Tet1)] 
 
All proteins were expressed for purification in Rosetta 2 (DE3) E.coli cells (Merck, Darmstadt, 
D) 
F- ompT hasd SB(rB
-mB
-) gal dcm (DE3) pRARE2 (argU, argW, argX, glyT, ileX, leuW, metT, 






4.5.  Oligonucleotides 
 
DNA oligonucleotides were purchased from Microsynth (Balgach, CH) or Sigma Aldrich (St. 




YxiN lk 3 forward: 5’-GCATATCGAGGTCGGCTCAGGTATTGAACATGCGG-3‘ 
YxiN lk 3 backward: 5’-CCGCATGTTCAATACCTGAGCCGACCTCGATATGC-3‘ 
YxiN lk 4 forward: 5’-GCATATCGAGGTCGGCTCATCCGGTATTGAACATGCG-3’ 
YxiN lk 4 backward: 5’-CGCATGTTCAATACCGGATGAGCCGACCTCGATATGC-3’ 
YxiN lk 5 forward: 5’-GCATATCGAGGTCGGCTCCGGCTCAGGTATTGAACATGCGG-3’ 
YxiN lk 5 backward: 5’-CCGCATGTTCAATACCTGAGCCGGAGCCGACCTCGATATGC-3’ 
YxiN lk 7 forward: 5’-GCATATCGAGGTCGGCGGCTCATCCGGCTCAGGTATTGAACATGCGG-3’ 
YxiN lk 7 backward: 5’-CCGCATGTTCAATACCTGAGCCGGATGAGCCGCCGACCTCGATATGC-3’ 
YxiN lk 9 forward: 5’-CCCGAGCATATCGAGGTCAAAGCGGCCGGCCTAACCACAAGAAATATTGAACATGCGGTGATTC-3’ 
YxiN lk 9 backward: 5’-GAATCACCGCATGTTCAATATTTCTTGTGGTTAGGCCGGCCGCTTTGACCTCGATATGCTCGGG-3’ 
YxiN lk 11 forward: 5’-GAGCATATCGAGGTCGGCGCGGCGGGTTCCGGCTCATCCGGCTCAGGTATTGAACATGCGGTG-3’ 
YxiN lk 11 backward: 5’-CACCGCATGTTCAATACCTGAGCCGGATGAGCCGGAACCCGCCGCGCCGACCTCGATATGCTC-3’ 
YxiN lk 13 forward: 5’-GAGCATATCGAGGTCGGCGCGGCGGGCTCAGGTTCCGGCTCATCCGGCTCAGGTATTGAACATGCGGTG-3’ 
YxiN lk 13 backward: 5’-CACCGCATGTTCAATACCTGAGCCGGATGAGCCGGAACCTGAGCCCGCCGCGCCGACCTCGATATGCTC-3’ 
YxiN lk 15 forward: 5-‘CTAACCACAAGAAGGCTCAGGGTCATCCGGCATATTGAACATGCGGTG-3’ 




YxiN T211A forward: 5-‘GAGGTCAAAGCGGCCGGCCTAGCTACAAGAAATATTGAACATGCGGTG-3’ 
YxiN T211A backward: 5-‘CACCGCATGTTCAATATTTCTTGTAGCTAGGCCGGCCGCTTTGACCTC-3’ 
YxiN K52Q forward: 5’-GAC AGG AAG CGG GCA AAC GGC TTC GTT CGG G-3’ 
YxiN K52Q backward: 5’-CCC GAA CGA AGC CGT TTG CCC GCT TCC TGT C-3’ 
YxiN C61A forward: 5’-CGG GAT TCC TCT CGC GGA GCT GGC GAA TTG GG-3’ 
YxiN C61A backward: 5’-CCC AAT TCG CCA GCT CCG CGA GAG GAA TCC CG-3’ 
YxiN S108C forward: 5’-CAGCC GTA TTT GGA AAA TGC TCC TTT GAT AAA CAA A-3’ 
YxiN S108C backward: 5’-TTTGTT TAT CAA AGG AGC ATT TTC CAA ATA CGG CTG-3’ 
YxiN A115C forward: 5’-CCT TTG ATA AAC AAA AAT GTG AGC TTA AGC AAA AAA GCC-3’ 
YxiN A115C backward: 5’-GGC TTT TTT GCT TAA GCT CAC ATT TTT GTT TAT CAA AGG-3’ 
YxiN S229C forward: 5’- GAA GAG AAT AAG TTT TGC TTG CTG AAA GAT GTG-3’ 
YxiN S229C backward: 5’-CAC ATC TTT CAG CAA GCA AAA CTT ATT CTC TTC-3’ 
YxiN C267A forward: 5’-GGG ATA TCC AGC GGA TAA AAT TCA CGG CGG-3’ 
YxiN C267A backward: 5’-CCG CCG TGA ATT TTA TCC GCT GGA TAT CCC-3’ 
YxiN R330A forward: 5’-CCG CAC GGG CGC AAC GGG ACG CGC AGG-3‘ 
YxiN R330A backward: 5’-CCT GCG CGT CCC GGT GCG CCC GTG CGG-3’ 
pGEX forward: 5’-GGGCTGGCAAGCCACGTTTGGTG-3’ 
T7 terminator: 5’-GCTAGTTATTGCTCAGCGG-3’ 
IVT 154mer forward: 5’-TAA TAC GAC TCA CTA TAG GC-3’ 






4.5.2. RNA substrates 
 
9mer: 5´-UUGGGACCU-3´ 
Cy3-9mer: 5´-UUGGGACCU(Cy3) -3´ 
32mer: 5´-CGAGGUCCCAAGGGUUGGGCUGUUCGCCCAUU-3´ 
Cy5-32mer: 5´- (Cy5)CGAGGUCCCAAGGGUUGGGCUGUUCGCCCAUU-3´ 
32mer_fluorescein: 5´- (FAM)GCAGGUCCCAAGGGUUGGGCUGUUCGCCCAUU-3´ 
 
 
4.6.  List of YxiN mutants and abbreviations 
 
YxiN AAAS: YxiN wildtype for smFRET measurements. C61 and C267 exchanged to alanine; 
A115 and S229 exchanged to cysteine for labelling 
YxiN K52Q: Walker A (motif I) mutant, shown to be ATPase deficient [56]  
YxiN R330A: motif VI mutant, uncoupling mutant 
YxiN lk 3: mutant with a linker length of 3 amino acids (linker between the two RecA core 
domains) 
YxiN lk 4: mutant with a linker length of 4 amino acids (linker between the two RecA core 
domains) 





YxiN lk 7: mutant with a linker length of 7 amino acids (linker between the two RecA core 
domains) 
YxiN lk 9: mutant with a linker length of 9 (wt length) amino acids (linker between the two 
RecA core domains) 
YxiN lk 11: mutant with a linker length of 11 amino acids (linker between the two RecA core 
domains) 
YxiN lk 13: mutant with a linker length of 13 amino acids (linker between the two RecA core 
domains) 
YxiN lk 15: mutant with a linker length of 15 amino acids (linker between the two RecA core 
domains) 
YxiN core: YxiN 1-404; mutant consisting of the two RecA domains  
YxiN GST-RBD: YxiN 404-478; RNA binding domain of YxiN fused to GST 
 
 
4.7.  General Methods 
 
4.7.1. Agarose Gel Electrophoresis 
 
DNA fragments of up to 1 kb were separated on 2 % agarose gels, DNA fragments with a size 
bigger than 1 kb were separated on 0.8 % agarose gels. 6x loading buffer (10 mM Tris/HCl, 
pH 7.6; 60 mM EDTA; 0.03 % (w/v) bromphenol blue; 0.03 % (w/v) xylencyanole; 60 % (v/v) 
glycerol) was added to the samples prior to gel loading. The electrophoresis was performed 
at 160 V for 20 min. Gels were stained in ethidium bromide solution and DNA bands 




4.7.2. SDS-Polyacrylamide Gel Electrophoresis 
 
Stacking gel:  125 mM Tris/HCl, pH 6.8; 4.5 % acrylamide; 0.1 % (v/v) N,N’ – 
methylenbisacrylamide; 0.06 % (w/v) SDS; 0.1 % (w/v) APS and 0.1 % 
(v/v) TEMED 
Resolving gel:  375 mM Tris/HCl, pH 8.8; 15 % acrylamide; 0.4 % (v/v)  N,N’ – 
methylenbisacrylamide; 0.1 % (w/v) SDS; 0.086 % (w/v) APS and 0.06 % 
(v/v) TEMED 
Running buffer:  24 mM Tris base; 0.1 % (w/v) SDS; 200 mM glycine 
4x loading buffer:  130 mM Tris/HCl, pH 6.8; 200 mM DTT; 4 % (w/v) SDS; 20 % glycerine; 
0.01 % bromphenol blue 
Staining solution:  50 % (v/v) methanol; 10 % (v/v) acetic acid; 0.1 % (w/v) Brilliant Blue R-
250 
Destaining solution:  20 % (v/v) ethanol; 10 % (v/v) acetic acid 
 
Protein samples were analysed on denaturing polyacrylamide gels consisting of a stacking 
gel with lager pockets and a resolving gel. This method established by Laemmli[57] allows 
better resolution since the bands get focussed in the stacking gel before entering the 
resolving gel, where proteins get separated according to their size. The electrophoresis was 
performed at 30 mA until the front reached the end of the gel. Gels were then stained in 
staining solution for approximately 30 min and destained with destaining solution for 





4.7.3. Preparation of ADP·BeFx 
 
ADP·BeFx nucleotides were prepared by mixing stock solutions of BeCl2, NaF and ADP to a 
final concentration of 14.3 mM ADP, 71.5 mM BeCl2, and 751 mM NaF
[39, 58].  
 
 
4.7.4. Absorption measurements 
 
To determine concentrations of RNA, protein and labelled protein, absorption spectra were 
recorded (Ultraspec 2100 pro) or a single wavelength value at A280 was recorded 
(BioPhotometer). Absorption values were corrected for buffer contributions and 
concentrations calculated according to the Beer-Lambert law (eq.1) 
* *x xA c d  eq.1
 
Ax – absorption at wavelength x; c – concentration; εx – extinction coefficient at wavelength 
x; d – path length (1 cm) 
The following extinction coefficients were used:  
For DNA: A260 = 50 ng/ml 
153mer RNA: ε260 = 1425000 M
-1cm-1 
32mer RNA: ε260 = 2112000 M
-1cm-1 
32mer_fl RNA: ε260 = 2112000 M
-1cm-1 
Cy5-32mer RNA: ε260 = 29889000 M
-1cm-1 





Cy3-9mer RNA: ε260 = 846000 M
-1cm-1 
A488: ε493 = 72000 M
-1cm-1 (ε280 = 7922 M
-1cm-1 taken into account when calculating labelled 
protein concentration) 
A546: ε554 = 93000 M
-1cm-1 (ε493 = 7025 M
-1cm-1; ε280 = 10538 M
-1cm-1 taken into account 
when calculating double labelled protein concentration) 
YxiN: ε280 = 23540 M





For the generation of all mutations of the linker between the two Rec-domains of YxiN, YxiN 
wildtype previously cloned in a pETM30 vector was used as a starting point. The mutations 
were introduced following the QuickChangeTM Site-directed mutagenesis protocol from 
Stratagene. According to this protocol complementary DNA-primer strands were designed 
containing the respective mutations with a melting temperature of about 80°C. 200 nM of 
each primer, 200 µM dNTPs mix and 2-3 units of Pfu DNA polymerase were added to 90 ng 
of plasmid DNA. This mixture was subject to the following PCR cycle: 5 min of initial heating 
at 95 °C, 95 °C for 30 sec, different temperatures according to the mutations for 60 sec, 68 °C 
for 14 min 30 sec, 68 °C for 10 min. Steps 2-4 were repeated 25 times. Success of this 
reaction was analysed using 0.8% agarose gels. Successful reactions were incubated with 10 
units of DpnI at 37 °C for 1 hour. This leads to digestion of hemimethylated template 
plasmids. After digestion the mutated plasmids were transformed into E.coli XL-1 blue cells. 
(section 4.7.6). Transformants were selected on antibiotic containing LB plates. As there can 
occur multiple primer-insertions in the PCR reaction, a screening PCR was performed to 
exclude those clones. Primers for this reaction were selected to bind in proximity of the 
mutation on each strand. As a positive control a plasmid with the correct length was 




added to bacterial cells in 20 µl of sterile water. This mixture was subject to the following 
PCR cycle: 5 min of initial heating at 95 °C, 95 °C for 30 sec, 55 °C for 30 sec, 72 °C for 1 min, 
steps 2-4 were repeated 30 times. PCR products were analysed using 2% agarose gels. Of the 
clones without any inserts, overnight LB-cultures were grown for plasmid isolation following 
the QIAprep Miniprep protocol (elution was done with only 20% EB though). Plasmid DNA 





100 ng of plasmid DNA or PCR samples were added to CaCl2 competent E.coli cells. The cells 
were kept on ice for 10 min and after 90 s incubation at 42 °C put on ice for another 2 min. 
900 µl of LB were added to the cells, which were then incubated at 37 °C for 1 hour. Cells 
were then harvested by centrifugation (2 min; 3000 rpm) and plated on LB plates 
supplemented with the respective antibiotics, allowing for selection of transformants.  
 
 
4.7.7. Labelling of YxiN Constructs with Fluorophores 
 
Buffer A:  50 mM Tris/HCl pH 8.5 at 4 °C; 500 mM NaCl; 500 µM TCEP 
Buffer B:  50 mM Tris/HCl pH 8.5 at 4 °C; 500 mM NaCl; 2 mM 2-Mercaptomethanol 
The storage buffer of the protein was exchanged to Buffer A, prior to the labelling reaction 
using P30 MicroSpin columns and the protein diluted to 30 - 40 µM. Maleimide-




protein. Donor dye was added in a 3-fold excess over protein and acceptor dye in a 4-fold 
excess. The labelling reaction was performed in low-retention tubes at 25 °C for 1 hour in 
the dark. Removal of free dye was performed using P30 MicroSpin columns afore 
equilibrated with Buffer B, passing the labelling reaction over the column two times. 
Concentration of protein and dyes and the respective labelling efficiencies were determined 
using a Spectrophotometer.  
 
 
4.7.8. In vitro transcription 
 
IVT-Buffer: 80 mM Tris/HCl, pH 7.5; 22 mM MgCl2; 1 mM spermidine; 5 
mM DTT; 0.12 mg/ml BSA 
TBE Buffer:    89 mM Tris; 89 mM boric acid; 10.7 mM EDTA 
8 M Urea 10% PA gel: 8 M Urea; 89 mM Tris; 89 mM boric acid; 10.7 mM EDTA; 10% 
(v/v) acrylamide; 0.267 (v/v) N,-N’-methylenebisacrylamide; 
polymerised by addition of 0.045% (w/v) APS and 0.113% (v/v) 
TEMED 
A 153 bp fragment of B.subtilis 23S rRNA (nucleotides 2483-2635) cloned into pUC18 was 
amplified using PCR with a forward primer containing the T7 promoter sequence to generate 
a template for in vitro transcription[49]. The following PCR cycle was used: 1 min at 95 °C 
initial heating; 30 sec at 95 °C; 30 sec at 48 °C; 20 sec at 72 °C; steps 2-4 were repeated 35 
times. The PCR product was EtOH precipitated and used as a template for in vitro 
transcription (80 mM Tris/HCl, pH 7.5; 22 mM MgCl2; 1 mM spermidine; 5 mM DTT; 0.12 
mg/ml BSA; 20 mM ATP; 20 mM UTP; 20 mM CTP; 20 mM GTP; 1.5 µM template DNA; 2 U 
T7 polymerase; 37 °C; 4h). Stopping of the reaction was achieved by addition of 1/10 volume 
0.5 M EDTA (pH 8), 1/10 volume 3 M sodiume acetate and 3 volumes ethanol. RNA was 




washed with 70 % ethanol and dissolved in water and 2xFermentas RNA loading dye. 
Samples were loaded on an 8 M Urea 10 % polyacrylamide gel and run at 500 V/ 20 W for 2 
h 20 min in TBE buffer. Product bands were visualised with UV (λ = 254 nm), excised and 
kept in TBE buffer. RNA was eluted in TBE at 100 mA/250 V for 4h at 4 °C and precipitated by 
addition of 1/10 volume 0.5 M EDTA (pH 8), 1/10 volume 3 M sodiume acetate and 3 
volumes ethanol at -20 °C over night. Precipitate was pelleted by centrifugation at 13’000 
rpm at 14 °C for 1h. The pellet was washed with 70 % ethanol, dried for a few hours and 




4.8.  Protein Expression and Purification 
 
4.8.1. Protein Expression 
 
A single E.coli clone was used to inoculate a 20 ml LB medium culture containing 
Chloramphenicol (10 µg/ml) and Kanamycine (20 µg/ml) that was incubated overnight at 37 
°C. This culture was then used to inoculate a 4 l culture of auto inducing medium (AIM[60]), 
which was incubated for 24 h at 30 °C. Cells were harvested by centrifugation (10 min; 4 °C; 
4800 rpm; SLA3000 rotor) and resuspended in a total volume of 50 ml buffer (50 mM 
Tris/HCl, pH 8.5 at 4°C; 500 mM NaCl; 2 mM 2-Mercaptoethanol). Cell disruption was 
performed by the use of a microfluidizer. To remove cell-debris the disrupted cell solution 








Buffer A:  50 mM Tris/HCl, pH 8.5 at 4 °C; 500 mM NaCl; 2 mM 2-
Mercaptoethanol 
Buffer B:  50 mM Tris/HCl, pH 8.5 at 4 °C; 500 mM NaCl; 20 mM glutathione; 2 
mM 2-Mercaptoethanol 
Buffer C:  50 mM Tris/HCl, pH 8.5 at 4 °C; 500 mM NaCl; 20 mM imidazole; 2 mM 
2-Mercaptoethanol 
Buffer D:  50 mM Tris/HCl, pH 8.5 at 4 °C; 500 mM NaCl; 500 mM imidazole; 2 
mM 2-Mercaptoethanol 
All purification steps were performed at 4 °C to ensure optimal protein stability. The protein 
solution was loaded on a glutathione-affinity column at a flow rate of 0.5 ml/min. The 
protein was eluted with Buffer B at a flow rate of 0.5 ml/min. The eluted protein was 
dialysed over night in 1 l Buffer A. At the same time the GST-affinity tag was removed by a 
TEV protease digest. Since the GST-affinity tag is fused to a His-Tag, it can be removed by a 
Nickel metal affinity chromatography.  20 mM imidazole was added to the dialysed protein 
solution, which was loaded on a Nickel metal affinity column at a flow rate of 1 ml/min. The 
flow-through with the protein of interest was collected and the two tags as well as 
uncleaved protein were eluted with Buffer D from the column. An ammonium sulphate 
precipitation with 80% ammonium sulphate followed. Ammonium sulphate was added at 
room temperature, and the protein solution with ammonium sulphate was stirred for 2 h at 
4 °C. The precipitated protein was collected by centrifugation (40 min; 13000 rpm; SS30). 
The gained pellet was resuspended in 1.4 ml Buffer A, and loaded at a flow rate of 1 ml/min 
on a S200 size exclusion chromatography column. Eluted protein was collected in fractions 
of 1 ml. Pure fractions were pooled and concentrated using a Vivaspin (Vivaspin 6; 10’000 
MCWO) concentrator. Protein concentration was determined using a spectrophotometer 
with an extinction coefficient of ε280 = 23540 M




ProtParam tool of the SIB Bioinformatics Resource Portal). After shock-freezing the proteins 
were stored at -80 °C.  
 
 
4.9.  Steady state ATPase activity assay 
 
Assay Buffer:  50 mM HEPES/KOH, pH 7.5; 175 mM KCl; 10 mM MgCl2; 200 µM NADH; 400 
µM PEP; 13 µg/ml lactate dehydrogenase; 23 µg/ml pyruvate kinase 
ATPase activity of YxiN was monitored in an enzymatically coupled spectroscopic assay[61]. 
Steady state ATP conditions were achieved by the conversion of ADP and PEP to pyruvate 
and ATP by the enzymatic activity of pyruvate kinase. Pyruvate is further reduced to lactate 
by the oxidation of NADH to NAD+ by lactate dehydrogenase. The consumption of NADH can 
be followed spectroscopically by measuring the absorbance at A380. The decrease in NADH 
concentration is linked to the decrease in ATP concentration. Therefore the velocity of NADH 
consumption corresponds to the velocity of ATP turnover. The reactions were performed at 
varying 153mer RNA concentrations; 5 mM ATP and 10 nM to 1 µM YxiN (depending on the 
mutant) at 37 °C. Buffer and ATP were equilibrated for 5 min and the reaction started by the 
addition of RNA and YxiN.  As the RNA substrate concentration is in the same range as the 
YxiN concentration, the explicit binding equation was used to analyse the data. (eq.2) 
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4.10. mantADP Fluorescence Titrations 
 
Buffer:  50 mM Tris/HCl, pH 8.5 at 4 °C; 150 mM NaCl, 10 mM MgCl2; 2 mM 2-
Mercaptoethanol 
Assay conditions:  
Equilibrium titrations:  1 µM mantADP; λexc = 360 nm (bandwidth 5 nm); λem = 440 nm 
(bandwidth 5 nm); 20 °C; Hitachi F-4500 
Displacement titrations:  1 µM mantADP; 10 µM YxiN; λexc = 360 nm (bandwidth 5 nm); 
λem = 440 nm (bandwidth 5 nm); 20 °C; Hitachi F-4500 
To determine binding constants of YxiN wildtype and YxiN mutants, a fluorescent ADP 
analogue, mantADP as well as ATP, ADP and the non hydrolysable ATP-analogue ADP·BeFx 
were used. mantADP changes its fluorescent signal according to its environment[62]. In a 
rather hydrophilic environment the signal is weaker than in a hydrophobic environment thus 
mantADP fluorescent increases upon binding to YxiN. The dissociation constant of YxiN 
wildtype was determined using the following equation (eq.3):  
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Eq.3: F – fluorescent signal; F0 – initial fluorescent signal; ΔFmax – maximal change of fluorescent signal; Kd – 
dissociation constant 
 
Dissociaton constants of YxiN mutants could not be determined directly by fluorescent 
equilibrium titrations due to aggregation issues. Therefore initial slope values were 




To determine dissociation constants of ATP, ADP and the non-hydrolisable ATP-analogue 
ADP·BeFx competitive displacement titrations with a pre-formed mantADP/YxiN complex 
were performed. The solution of the cubic equation (eq.3) describing the competitive 
titration was evaluated numerically using the program Scientist (Micromath) to yield the Kd 
of the respective nucleotide complex.  
 
 
4.11. Anisotropy measurements 
 
Buffer:  50 mM Tris/HCl, pH 7.5; 150 mM NaCl; 5 mM MgCl2 
Assay conditions:  λexc = 495 nm (slit 10 nm); λem = 530 nm (slit 10 nm); time increment 
12 s; total time 120 s; 5 nM RNA substrate; 25 °C  
Anisotropy measurements were performed to determine binding constants of YxiN wildtype 
and YxiN mutants to a minimal RNA substrate of 32 bp labelled with fluorescein. In 
anisotropy measurements linear polarised light is used to excite the fluorescent dye. The 
emitted light is polarised as well and detected on two polarisation filters. One is placed 
parallel to the exciting polarisation filter and the other one is placed perpendicular to the 











    eq.4 
r - anisotropy; I  - parallel intensity; I  - perpendicular intensity 
 
Given the fluorescent molecule is immobile, the anisotropy values is 1. Thus, the more 
mobile the fluorescent molecule gets, the smaller the anisotropy value. A fluorescein 




were titrated to this RNA. RNA binding to YxiN lead to an increase in anisotropy which 
allowed determination of the dissociation constant Kd using equation 5. 
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r - anisotropy; r0 - initial anisotropy; Δr - change in anisotropy; Kd - dissociation constant 
 
 
4.12. Double stranded RNA unwinding assay 
4.12.1 Spectroscopic unwinding assay 
 
Buffer:  50 mM HEPES, pH 7.2; 50 mM KCl; 5 mM MgCl2;  5% Glycerol; 0.1 mM DTT; 
0.1 mg/ml BSA 
Assay conditions:  500 nM dsRNA; 5 µM 9mer trap; 500 µM ATP or 200 µM ADP·BeFx; λexc 
= 554 nm (slit 1 nm); λem = 666 nm (slit 1 nm); 25 °C 
dsRNA substrate generation:  25 µM Cy3-9mer; 50 µM Cy5-32mer; 50 mM HEPES,pH 
7.2; 25 °C; 1h 
 
Unwinding of a fluorescently labelled Cy5-32mer/Cy3-9mer minimal dsRNA substrate was 
monitored by observing FRET decay of the acceptor labelled strand. In order to inhibit 
reannealing of the two fluorescently labelled substrate RNA strands, a non-labelled 9mer 
strand (trap) was present in the reaction in excess. The dsRNA substrate and the trap strand 




addition of YxiN and ATP or ADP·BeFx respectively. FRET signal of the acceptor strand was 
measured for 30 minutes and evaluated with a single exponential to get unwinding rate 
constants. 
 
4.12.2 Polyacrylamide gel-based unwinding assay 
 
TB(E) Buffer:  500 mM Tris, pH 8.0; 500 mM Boric acid, 5 mM EDTA 
2-fold stopping buffer:  2% SDS; 100mM DTT; 10% glycerine; 0.1% Bromphenolblue; 50 
mM Tris, pH 6.8 
5-fold activity Buffer:  250 mM HEPES, pH 7.2; 750 mM KCl; 25% glycerine; 0.5 mM 
DTT; 25 mM MgCl2; 0.5 mg/ml BSA 
Gel run conditions:   100 V; 10 mA; 4°C; 2h 
 
Unwinding assays were performed with 5 µM RNA and 10 µM YxiN in activity buffer and in 
the presence of 10 mM ATP or ADP, or 5.5 mM ATP analogues at 25°C for 30 minutes, and 
unwinding products were analyzed by native polyacrylamide gel electrophoresis.  
 
 
4.13. Fluorescence resonance energy transfer (FRET) 
 
Fluorescence resonance energy transfer (FRET) is based on a non-radiative energy transfer 
from a donor fluorophor to an acceptor fluorophor via dipole-dipole interactions. This 
transfer can only take place, if there is a spectral overlap of donor emission and acceptor 




fluorophores and can be calculated from the transfer efficiency (eq.6). This technique thus is 










   eq.6
 
E - FRET efficiency; R0 - Förster distance; r - inter-dye distance 
 
The Förster-distance is the distance between the two fluorophores at which E = 0.5 and 
depends on the spectral properties of the dye-pair used, the relative orientation of the 
dipoles for donor and acceptor and the refractive index. Therefore the Förster-distance has 
to be determined for every dye-pair under the conditions used in the experiment (attached 
to protein and in activity buffer). (described in section 4.13.3). 
 
 
4.13.1 Confocal smFRET set-up 
 
Substrate binding and enzymatic properties are widely determined using ensemble 
techniques that measure an average value of all molecules present. Transient states or rare 
events are not observable using such techniques since they disappear in the average signal. 
Single molecule techniques allow detection of such rare events or transient states. 
Determination of a large number of single molecules gives the distribution within the 
population. Single molecule conditions for FRET studies are achieved by extremely diluted 
samples (picomolar concentrations) and a minimised observation volume (in the range 
of  10-15 l). In a confocal microscope, the donor fluorophores are excited by a laser beam that 
is focused into the confocal volume using an objective. Fluorescence emitted by the donor 




The detection beam is transferred to a pin-hole to block out all “out-of-focus” light and split 




4.13.2. Determination of correction parameters  
 
Buffer A:  50 mM Tris/HCl, pH 7.5; 150 mM NaCl; 5 mM MgCl2 (treated with charcoal to 
remove fluorescent impurities) 
Buffer B:  50 mM Tris/HCl, pH 7.5; 500 mM NaCl; 2 mM 2-Mercaptoethanol 
Data obtained in the confocal smFRET set-up needs to be corrected for direct excitation of 
the acceptor (δ), for acceptor bleed-through into the donor-channel (β) and donor bleed-
through into the acceptor channel (α). To determine these correction parameters respective 
single cysteine mutants of each FRET pair were labelled with donor or acceptor and free dye 
removed as described in section 4.7.7. Since correction parameters for measurements with 
RNA present in RNA binding domain studies were determined, a 5 times excess of 32mer 
RNA was present in all measurements. Correction parameters for all other smFRET 
experiments were determined prior to this work by Bettina Theissen and Anne Karow[46, 59]. 
To determine δ, absorbance spectra (400 - 900 nm) of 5 µM of donor or acceptor only 
labelled single cysteine mutants in Buffer B were recorded three times at 25 °C. A mean of 











    eq.7 




To determine donor and acceptor leakage, 100 nM of donor or acceptor only labelled single 
cysteine mutants in Buffer A and Buffer A only were measured in saturated cuvettes at 75 
µW for 5 min using neutral filters. Counting rates were normalised to dye concentrations 



































    eq.10 
IA - counting rate in the acceptor channel; ID - counting rate in the donor channel 
 
 
4.13.3. Determination of Förster distances 
 
For conversion of FRET efficiencies into distances between the fluorophores attached to the 
protein a Förster distance R0 specific for the mutant is needed. R0 for a double-cysteine 
mutant XY can be determined as followed, if assumed that the donor dye is at position X and 



















R0 - Förster distance; NA - Avogadro number; φD - donor quantum yield; κ
2
 - orientation factor; n - 
index of refraction; J - overlap integral 
 
The orientation factor κ2 was assumed to be 2/3, which corresponds to a freely rotating dye 
and the index of refraction was set to nwater = 1.33 since all proteins were measured in 
aqueous solution. The overlap integral J and donor quantum yield φD were determined as 
follows: An absorption spectrum of the acceptor-labelled species was recorded and dye 
concentration determined. A fluorescence emission spectrum of a 10 nM solution of the 
corresponding donor-labelled species was recorded (λexc = 460 nm; excitation slit 5 nm; 
emission slit 5 nm; integration time 0.5 s; Buffer A) and normalised to have an integrated 
area of 1. The acceptor spectrum and the normalised donor emission spectrum were then 
used to calculate the overlap integral J. (eq.12) 
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J - overlap integral; FD(λ) - normalised area of donor fluorescence; εA - extinction coefficient of acceptor at 
wavelength λ  
 
The concentration, A460 and the fluorescence spectrum of fluorescein in 0.1 M NaOH (λexc = 
460 nm; excitation slit 5 nm; emission slit 5 nm; integration time 0.5 s) were determined and 












φD – donor quantum yield; FD – normalised area of donor fluorescence; ED – donor absorbance at 460 






4.13.4. Confocal smFRET experiments 
 
Buffer A:  50 mM Tris/HCl, pH 7.5; 150 mM NaCl; 5 mM MgCl2 (treated with charcoal to 
remove fluorescent impurities) 
SmFRET was measured in a home-built confocal set up (see section 4.3) in cuvettes (Lab-Tek 
chamber slides) which were pre-incubated with 10 µM YxiN1-368 for 1h at RT for saturation. 
YxiN mutants were diluted in Buffer to 80 pM donor concentration and substrates added as 
indicated. Donor was excited at 475 nm with 75 µM and single molecule fluorescence was 
recorded until 20 million events were recorded. 
Since not only the labelled proteins passing the confocal volume cause photon counts but 
also small fluorescent impurities, an algorithm calculating the noise and detecting bursts was 
applied to the raw data and bursts with more than 50 (or 100 if indicated) photons were 
selected[64]. FRET efficiencies for each burst were calculated using eq. 14. The correction 
parameters α and β account for crosstalk of donor and acceptor respectively, γ accounts for 
the difference in quantum yield and detection efficiencies of donor and acceptor and δ 
accounts for direct excitation of acceptor at 475nm.  
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5.1.  -  Part I wildtype 
 
In order to have reference values to compare the data obtained for the YxiN catalytic core 
linker constructs, YxiN wildtype properties were studied. In addition, these studies give 
insights into the nucleotide cycle of YxiN previously not known.  
 
 
5.1.1. Nucleotide binding affinities of YxiN wildtype and YxiN 
R330A 
 
It is important to know binding affinities of YxiN to different nucleotides in order to have 
saturating conditions in all experiments that are performed in the presence of nucleotides. 
Furthermore these numbers hold important information concerning the enzymatic cycle. For 
the YxiN R330A mutant, a motif VI mutant, it was interesting to determine, whether there is 
an influence on nucleotide binding, as mutations in motif VI uncouple nucleotide binding and 
hydrolysis from unwinding actions. Nucleotide binding affinities of YxiN wildtype and YxiN 
R330A were determined by displacement titrations of a preformed mantADP/YxiN complex 





Figure 10: Nucleotide binding of YxiN wildtype 
 
 
Figure 10: Nucleotide binding of YxiN wildtype 
Figure 10 shows displacement titrations of YxiN wildtype for ATP (red, 111 ± 7 µM), ADPNP (blue, 308 ± 16 µM), 
ADP·BeFx (green, 38 ± 4 µM), ADP·MgFx (magenta, 44 ± 4 µM) and ADP (violet, 20 ± 2 µM). Kd values were 
determined by displacement titrations of mantADP/YxiN complexes with the respective nucleotides as 
described in section 4.10.  
 
The affinity of YxiN wildtype for ATP was determined to be 111 ± 7 µM. The affinity of 
ADPNP is clearly lower as reflected by the Kd value of 308 ± 16 µM. The affinities for the pre-
hydrolysis analogue ADP·BeFx
[65-67] is clearly higher as seen in the Kd value of 38 ± 4 µM. For 
the post-hydrolysis analogue ADP·MgFx
[65-67] the affinity is in the same range as the affinity 
for ADP·BeFx (Kd = 44 ± 4 µM). The affinity for ADP is also found to be higher than the one for 
ATP and the Kd value is determined to be 20 ± 2 µM. 
The YxiN R330A mutant shows a Kd value of 38 ± 5 µM for ATP. This value is a bit lower for 
the pre-hydrolysis analogue ADP·BeFx and found to be 82 ±21 µM. The Kd value for ADP 









Figure 11: Nucleotide binding of YxiN R330A 
Figure 11 shows displacement titrations of YxiN R330A for ATP (red, 38 ± 5 µM), ADP·BeFx (green, 82± 21 µM), 
and ADP (violet, 27± 4 µM). Kd values were determined by displacement titrations of mantADP/YxiN complexes 
with the respective nucleotides as described in section 4.10.  
 
Comparing YxiN wildtype to YxiN R330A it can be seen, that the affinity for ATP is much 
higher for YxiN R330A than for YxiN wildtype. This is different in the case of ADP·BeFx. Here 
the affinity for YxiN R330A is clearly lower than for YxiN wildtype. In the case of ADP there is 
no dramatic change in affinity to be observed. 
 






Figure 12: Comparison of nucleotide binding of YxiN R330A and YxiN wildtype 
Figure 12 shows a comparison of the displacement titrations of YxiN R330A and YxiN wildtype. YxiN wildtype 
values are shown in dark blue and Kd values for YxiN R330A are shown in light blue.  
 
For YxiN wildtype it can be seen, that the differences in the enzymatic cycle are reflected 
also by differences in nucleotide affinities. The motif VI mutant YxiN R330A definitively 
shows differences in nucleotide binding compared to YxiN wildtype, which could play a role 
in uncoupling nucleotide binding and hydrolysis from unwinding activity.  
 
 
5.1.2. Nucleotide binding of YxiN wildtype in the presence of RNA 
 
Binding affinities of YxiN wildtype to different nucleotides were also determined in the 
presence of a minimal RNA substrate. Nucleotide binding affinities of YxiN wildtype were 
determined by displacement titrations of a preformed mantADP/YxiN complex in the 
presence of a 32mer RNA minimal substrate by the respective nucleotide. The experimental 
procedure is described in section 4.10.  
 






Figure 13: Nucleotide binding of YxiN wildtype with an RNA substrate 
Figure 13 shows the nucleotide binding of YxiN wildtype in the presence of a 32mer RNA substrate. Graphs 
shown originate from taking a mean value of at least two independent measurements and fitting of them. 
Experimental procedure of these displacement titrations is described in section 4.10. ATP is shown in red, 
ADP·BeFx is shown in green and ADP is shown in violet. Panel A shows nucleotide affinities of YxiN wildtype for 
ATP (47 ± 5 µM), ADP·BeFx (56 ± 20 µM) and ADP (146 ± 18 µM). Panel B shows a comparison of the respective 
nucleotide affinities.  
 
The affinity of YxiN wildtype for ATP was determined to be 47 ± 5 µM. The affinity for the 
pre-hydrolysis analogue ADP·BeFx
[65-67] is in the same range as reflected by the Kd value of 56 
± 20 µM. The affinity for ADP is clearly lower as the affinity for ATP as reflected by the Kd 
value of 146 ± 18 µM. In comparison to the nucleotide affinities determined without any 
RNA substrate it is evident, that there is a change in nucleotide specificity. In the presence of 
an RNA substrate, the affinity for ATP is dramatically increased, and the affinity for ADP is 
dramatically decreased. In the presence of an RNA substrate high affinity nucleotide binding 
is observed in the beginning of the catalytic cycle and low affinity nucleotide binding is 
observed at the end of the catalytic cycle. Thus there is a positive cooperativity of RNA and 
ATP and a negative cooperativity of RNA and ADP. 
 
 
5.1.3. RNA binding of YxiN wildtype and two motive mutants in the 
nucleotide cycle 
 
Knowing affinities for nucleotides throughout the enzymatic cycle, the next question arising 
is if affinities for a minimal RNA substrate correlates with nucleotide affinities. To determine 
these RNA binding affinities of YxiN wildtype as well as of the two motive mutants YxiN K52Q 
and YxiN R330A, an ATPase deficient and a presumably uncoupling mutant, fluorescence 




described in section 4.11. The Kd value of YxiN wildtype in the absence of nucleotide is 
determined to be 375 ± 96 nM, reflecting a tight binding. There is a slight increase in affinity 
in the presence of ADPNP, ADP·BeFx and ADP to Kd values of 206 ± 19 nM, 276 ± 65 nM and 
276 ± 58 nM respectively. In the presence of ADP·MgFx there is a slight decrease in affinity to 
a Kd value of 524 ± 230 nM. These findings show that there is an increase in affinity upon 
nucleotide binding, which is abolished after ATP hydrolysis and finally reset after Pi release. 
 
Figure 14: RNA binding of YxiN wildtype in the nucleotide cycle 
 
 
Figure 14: RNA binding of YxiN wildtype in the nucleotide cycle 
Affinities of a minimal 32mer RNA substrate to YxiN wildtype were determined by fluorescence anisotropy 
titrations as described in section 4.11. Panel A shows two independent datasets for each nucleotide (same 
colour) and the global fitting thereof. Panel B shows RNA binding of YxiN wildtype in the presence of ADPNP 
(blue; Kd = 206 ± 19 nM); ADP·BeFx (green; Kd = 276 ± 65 nM); ADP·MgFx (magenta; Kd = 524 ± 230 nM) and 
ADP (violet; Kd = 276 ± 58 nM) as well as in the absence of nucleotide (black; Kd = 375 ± 96 nM). 
 
For the ATPase deficient motif I mutant K52Q the Kd value for the 32mer minimal RNA 
substrate is found to be 638 ± 6 nM. There is a drastic decrease in the Kd values in the 
presence of ATP, ADPNP, ADP·BeFx and ADP to 170 ± 49 nM, 268 ± 141 nM, 74 ± 16 nM and 








Figure 15: RNA binding of YxiN motif I mutant K52Q in the nucleotide cycle 
Affinities of a minimal 32mer RNA substrate to YxiN motif I mutant K52Q were determined by fluorescence 
anisotropy titrations as described in section 4.11. Panel A shows two independent datasets for each nucleotide 
(same colour) and the global fitting thereof. Panel B shows RNA binding of the ATPase deficient motif I mutant 
K52Q in the presence of ATP (red; Kd = 170 ± 49 nM); ADPNP (blue; Kd = 268 ± 141 nM); ADP·BeFx (green; Kd = 
74 ± 16 nM) and ADP (violet; Kd = 127 ± 22 nM) as well as in the absence of nucleotide (black; Kd = 638 ± 6 nM). 
 
The Kd value for the uncoupling mutant R330A is found to be 1383 ± 645 nM. A slight drop in 
this value to 995 ± 582 nM is seen in the presence of ADPNP and a drastic drop to Kd values 









Figure 16: RNA binding of YxiN motif VI mutant R330A in the nucleotide cycle 
Affinities of a minimal 32mer RNA substrate to YxiN wildtype were determined by fluorescence anisotropy 
titrations as described in section 4.11. Panel A shows two independent datasets for each nucleotide (same 
colour) and the global fitting thereof. Panel B shows RNA binding of the uncoupling motif VI mutant R330A in 
the presence of ADPNP (blue; Kd = 995 ± 582 nM); ADP·BeFx (green; Kd = 120 ± 1 nM) and ADP (violet; 
Kd = 253 ± 81 nM) as well as in the absence of nucleotide (black; Kd = 1383 ± 645 nM). 
 
 







Figure 17: Comparison of YxiN wildtype to the YxiN motif mutants in the presence of 
different nucleotides 
Figure 17 shows a comparison of the two motif mutants YxiN K52Q and YxiN R330A to wildtype in the presence 
of ADPNP (Panel B); ADP·BeFx (Panel C); ADP (Panel D) and no nucleotide (Panel A). Kd values are shown in a 
bar plot and error bars arise from a global fitting of two independent measurements.  
 
Table 1: RNA affinities of YxiN wildtype and two motif mutants 
YxiN mutant no nucleotide (nM) ATP (nM) ADPNP (nM) ADP·BeFx (nM) ADP·MgFx (nM) ADP (nM) 
wildtype 375 ± 96 n.d. 206 ± 19 276 ± 65  524  ± 230  276  ± 59 
R330A 1383 ± 645 n.d. 995 ± 582 120 ± 1 n.d. 253 ± 81 
K52Q 638 ± 6 170 ± 49 268 ± 141 74 ± 16 n.d. 127 ± 22 
 
In the beginning of the enzymatic cycle, in the absence of any nucleotide YxiN wildtype 
shows a clearly higher affinity for the 32mer minimal substrate than the motif VI mutant 
R330A that shows an approximately 3.5-fold reduction in affinity. The motif I mutant K52Q 
also shows an approximately 1.5-fold reduction in affinity compared to YxiN wildtype. 
Stepping further in the enzymatic cycle, in the presence of the ATP-analogue ADPNP the 
motif VI mutant still shows a drastic approximately 5-fold reduction in RNA affinity. The 
motif I mutant as well still shows an approximately 1.5-fold reduction in RNA affinity. In the 
activated nucleotide-bound state, in the presence of the ATP-analogue ADP·BeFx this is 
different. Now RNA binding of the motif VI mutant is approximately 2.5-fold tighter than for 
YxiN wildtype, and the motif I mutant even shows an increase in RNA affinity of about 3.5-
fold compared to YxiN wildtype. At the end of the nucleotide cycle, in the presence of ADP, 
the motif VI mutant shows an RNA affinity comparable to YxiN wildtype, but the motif I 
mutant shows an approximate 2-fold increase in affinity. The mutations in the two motifs 
thus not only lead to changes in the affinity of nucleotides, as expected since the two motifs 
are involved in nucleotide binding[24, 26], but also lead to severe differences in RNA binding in 






5.1.4. Steady state ATP hydrolysis activity of YxiN wildtype and the 
two motif mutants 
 
Having determined nucleotide and RNA binding affinities of YxiN wildtype and the two motif 
mutants YxiN K52Q and YxiN R330A, we next wanted to determine the enzymatic properties 
of these proteins. The first enzymatic property investigated was the ability to hydrolyse ATP. 
The rate of ATP hydrolysis for YxiN wildtype and YxiN R330A was determined by an 
enzymatically coupled steady state assay as described in section 4.9. For the determination 
of the rate constant for YxiN wildtype an enzyme concentration of 10 nM was used, the 
enzyme concentration for the R330A mutant was 1 µM. The RNA stimulated rate constant 
kcat of YxiN wildtype was determined to be 5.2 ± 0.3 s
-1. The YxiN K52Q mutant was shown to 
be ATPase deficient[56] and the uncoupling mutant YxiN R330A was ATPase deficient even 
with an enzyme concentration of 1 µM.  
 
Figure 18: Steady state ATP hydrolysis activity of YxiN wildtype 
 
 
   
Figure 18: Steady state ATP hydrolysis activity of YxiN wildtype 
The ATPase activity of YxiN wildtype was determined by steady state ATPase assays, as described in section 4.9. 
For YxiN wildtype an enzyme concentration of 10 nM was used. The figure shows three independent 




5.1.5. Unwinding of a double stranded RNA substrate by YxiN 
wildtype 
 
Displacement or unwinding of the double stranded RNA region in the hairpin 92 of the 23S 
rRNA is the enzymatic task of YxiN wildtype. To monitor this reaction a FRET based assay was 
established (section 4.12.1). In the presence of ATP this displacement reaction can take place 
at an unwinding rate constant of 7.7*10-3 ± 6.8*10-5 s-1. Also in the presence of ADP·BeFx 
displacement of the double stranded RNA substrate can be observed, which is in good 
agreement to earlier findings with Ded1 from yeast[39]. Surprisingly the unwinding rate 
constant determined to be 1.9*10-2 ± 2.3*10-4 s-1 for ADP·BeFx is even a bit higher than for 
ATP. Unwinding rates for YxiN wildtype were also determined in a polyacrylamide gel based 
assay. The observed rate constant kobs is 0.012 ± 0.001 s
-1 for ATP and 0.004 ± 0.001 s-1 for 
ADP·BeFx. Unwinding in the presence of ADP·BeFx is 3-fold slower than in the presence of 
ATP. Here the unwinding is 3-fold faster in the presence of ATP than for ADP·BeFx and in 
agreement with the findings for Ded1 from yeast[39]. 
 
 






Figure 19: double stranded RNA unwinding by YxiN wildtype 
Figure 19 shows the capability of YxiN wildtype to unwind a minimal RNA substrate consisting of a Cy5-32mer 
and a Cy3-9mer of the hairpin 92 of the 23S rRNA. The experimental procedure is described in section 4.12.1. 
Panel A shows two independent measurements (one in black, one in blue) with a global fitting of the respective 






. Panel B shows 
independent measurements (one in black, one in blue) with a global fitting of the respective data with 






. Panel C shows an overlay 
of the datasets for ATP (black/blue) and ADP·BeFx (cyan/wine). 
 





Figure 20: double stranded RNA unwinding by YxiN wildtype with a polyacrylamide gel 
assay 
Figure 20 shows the capability of YxiN wildtype to unwind a minimal RNA substrate consisting of a Cy5-32mer 
and a Cy3-9mer of the hairpin 92 of the 23S rRNA with a polyacrylamide gel assay. The experimental procedure 
is described in section 4.12.2. Both nucleotides tested, ATP and ADP·BeFx support unwinding of the 32/9mer 



















Although the motif I mutant K52Q is ATP hydrolysis deficient it still shows double stranded 
RNA unwinding activity[56]. The rate constant of unwinding with ATP is determined to be 
2.8*10-3 ± 7.2*10-5 s-1 and thus similar to the unwinding rate constant of YxiN wildtype 
determined to be 7.7*10-3 ± 6.8*10-5 s-1. The unwinding rate constant of 1.9*10-3 ± 3.4*10-
5 s-1 for YxiN K52Q with ADP·BeFx is lower than the unwinding rate of YxiN wildtype of 
1.9*10-2 ± 2.3*10-4 s-1. The unwinding rate constants for both nucleotides, ATP and ADP·BeFx 
are virtually identical, which can be expected, since the K52Q mutant does not hydrolyse 
ATP and therefore ATP and ADP·BeFx act similar in activating enzyme activity.  
 




Figure 21: double stranded RNA unwinding by YxiN motif I mutant K52Q 
Figure 21 shows the capability of YxiN motif I mutant K52Q to unwind a minimal RNA substrate consisting of a 
Cy5-32mer and a Cy3-9mer of the hairpin 92 of the 23S rRNA. The experimental procedure is described in 
section 4.12.1. Panel A shows two independent measurements (one in black, one in blue) with a global fitting 






. Panel B 
shows independent measurements (one in black, one in blue) with a global fitting of the respective data with 






. Panel C shows an overlay of 




The YxiN motif VI mutant R330A unwinds a double stranded RNA substrate, despite being 
ATPase deficient. The unwinding rate constant for ATP is determined to be 4.6*10-4 ± 1.1*10-
4 s-1 and thus significantly lower than the unwinding rate constant of YxiN wildtype of 7.7*10-
3 ± 6.8*10-5 s-1. This might originate from lower RNA binding constants. In the presence of 
ADP·BeFx the unwinding rate constant is 2.2*10
-3 ± 6.7*10-5 s-1 which is significantly higher 
than the unwinding rate in the presence of ATP. Compared to the unwinding rate constant of 
YxiN wildtype of 1.9*10-2 ± 2.3*10-4 s-1, the unwinding rate is still rather low. The higher 
unwinding rate for ADP·BeFx might originate from the fact, that RNA is bound tighter in the 
presence of ADP·BeFx than in the presence of ATP.  
 




Figure 22: double stranded RNA unwinding by YxiN motif VI mutant R330A 
Figure 22 shows the capability of YxiN motif VI mutant R330A to unwind a minimal RNA substrate consisting of 
a Cy5-32mer and a Cy3-9mer of the hairpin 92 of the 23S rRNA. The experimental procedure is described in 
section 4.12.1. Panel A shows two independent measurements (one in black, one in blue) with a global fitting 

















. Panel C shows an overlay of 
the datasets for ATP (black/blue) and ADP·BeFx (cyan/wine). 
Both motif mutants as well as YxiN wildtype are able to unwind a double stranded minimal 
RNA substrate. The unwinding rates found nicely reflect RNA binding constants as well as 
ATP hydrolysis capabilities. 
 
 
5.1.6. Conformational state of YxiN wildtype in the nucleotide cycle 
 
After determination of substrate affinities and enzymatic properties of YxiN wildtype and the 
two motif mutants YxiN K52Q and YxiN R330A it was interesting to test, whether enzymatic 
and substrate binding properties are also reflected in the conformational states of the 
respective enzyme. To determine the conformational state of YxiN wildtype in the 
nucleotide cycle donor and acceptor dye labelled protein (described in section 4.7.7) was 
used to measure FRET on a confocal set-up. (described in section 4.13.4). The dyes were 
attached on opposite sites of the cleft between the two RecA domains. In the absence of 
RNA substrate and nucleotides a major FRET efficiency of 0.35 was observed, which 
corresponds to an open conformation of the helicase core as reported by Theissen et al.[46]. 
Since ATP gets readily hydrolysed in the presence of the 153mer RNA substrate, non-
hydrolysable analogues such as ADPNP and ADP·BeFx had to be used. Upon addition of 
ADPNP and 153mer RNA, the observed FRET peak shifts to a higher FRET efficiency of 0.75 
(Figure 23) corresponding to a closed conformation as reported by Theissen et al.[46]. In the 
presence of ADP·BeFx, which represents a pre-hydrolysis state of ATP
[65-67] and is thought to 
favour an “activated” enzyme state[39] and 153mer RNA there is also this shift to a higher 
FRET efficiency of 0.75 to be observed (Figure 23). If the 153mer RNA substrate and 
ADP·MgFx, representing a post-hydrolysis state of ATP
[65-67], are present, again this shift to a 
higher FRET efficiency of 0.75 can be observed (Figure 23). At the end of the nucleotide cycle 
in the presence of ADP and the 153mer RNA substrate there is a re-opening of the helicase 




show that in the course of the catalytic cycle, the catalytic core of YxiN starts in an open 
conformation. Upon binding of the nucleotide and RNA substrate, the YxiN catalytic core 
undergoes a conformational change and closes its cleft. This closure is persistent until both, 
the hydrolysis products, and both RNA strands are released.  
 







Figure 23: Conformational state of YxiN wildtype in the nucleotide cycle 
Figure 23 shows the conformational state of YxiN wildtype throughout the nucleotide cycle. FRET histograms of 
80 pM YxiN wildtype without substrates (panel A); of 80 pM YxiN wildtype, 5 mM ADPNP and 200 nM 153mer 
RNA (panel B); of 80 pM YxiN wildtype, 2 mM ADP·BeFx and 200 nM 153mer RNA (panel C); of 80 pM YxiN 
wildtype, 2 mM ADP·MgFx 153mer RNA (panel D) and of 80 pM YxiN wildtype, 5 mM ADP and 153mer RNA 
were recorded on a home-built confocal microscope set-up. The cartoons depict the conformational state of 
the helicase core, the respective nucleotide and the RNA substrate bound to the RBD.  
 
 
5.1.7. Dissection of the putative high-FRET ADP population 
  
Although YxiN wildtype bound to RNA and ADP shows a major FRET population at FRET 
efficiencies corresponding to an open conformation of the catalytic core, in almost all 
measurements with 153mer and ADP there was a minor population at FRET efficiencies 
corresponding to a closed conformation to be observed. To determine, whether this 
appearance of an additional peak originates from a subpopulation of enzymes being in a 
closed conformation and to rule out a measurement artefact, FRET experiments were 
performed with increasing concentrations of ADP (200 µM - 10 mM ADP). Up to 2 mM ADP 
there is no appearance of a population at higher FRET states (Figure 24, panel B – E). Upon 
addition of 5 mM ADP (concentrations used in all FRET experiments) there is this small peak 
at a FRET efficiency of 0.75, indicating that the peak represents a subpopulation of enzymes 
in a closed conformation of the catalytic core (Figure 24, panel F). Upon addition of 10 mM 
ADP the population size does not increase though (Figure 24, panel G). This might be due to 
the fact that a very small subset of proteins is in this closed conformation. All in all, even in 
the last step of the catalytic cycle, when YxiN is reset to an open and ligand-free state, there 
is a small subpopulation of proteins to be found in a closed conformation. Since there is no 
increase in population size after addition of more than 5 mM, appearance of this population 
can not be assigned to traces of other nucleotides in the ADP nucleotide solution, but 
reflects the ability of the protein to induce a closed catalytic core in the presence of 153mer 








Figure 24: Dissection of the putative high-FRET ADP population 
Figure 24 shows an ADP titration to YxiN wildtype in the presence of 153mer substrate. 200 µM ADP (Panel B); 
500 µM ADP (Panel C); 1 mM ADP (Panel D); 2 mM ADP (Panel E); 5 mM ADP ( Panel F) and 10 mM ADP (Panel 






5.1.8. Conformational state of the uncoupling mutant R330A 
 
The motif VI mutant R330A shows an inverted preference in nucleotide binding compared to 
YxiN wildtype, ATP is bound with higher affinity than ADP·BeFx. In addition the RNA affinities 
are also rather different than affinities found for YxiN wildtype. In the absence of any 
nucleotide or in the presence of ADPNP affinities for a minimal 32mer RNA substrate are 
lower than for YxiN wildtype. On the other hand there is a higher affinity for the minimal 
32mer RNA substrate in the presence of ADP·BeFx or ADP. ATP hydrolysis of this mutant is 
totally impaired, and also unwinding reactions are slower than the rates observed for YxiN 
wildtype. It was therefore interesting to see whether these effects are also reflected in 
changes in conformational states. In the absence of any substrate this mutant shows the 
same FRET efficiency peak as wildtype at 0.35 FRET efficiency. In the presence of 153mer 
RNA and ATP two populations are observed, one at 0.35 FRET efficiency and one at 0.75 
FRET efficiency reflecting open and closed states. Upon addition of ADP·BeFx and 153mer 
RNA there is a shift towards higher FRET efficiencies of 0.75. The effects found for substrate 
binding, and enzymatic properties such as ATP hydrolysis and double stranded RNA 









Figure 25: Conformational state of the uncoupling mutant R330A 
Figure 25 shows the FRET histograms of the uncoupling mutant R330A in the presence and absence of RNA 
substrate and nucleotides. Panel A shows 80 pM YxiN R330A without substrates; Panel B shows 80 pM YxiN 
R330A with 200 nM 153mer RNA and ATP and Panel C shows 80 pM YxiN R330A with 200 nM and ADP·BeFx.  
 
In the first part of this work, the catalytic cycle of YxiN wildtype and two motif mutants is 
investigated. Substrate binding studies as well as enzymatic activity assays and smFRET 
studies delineate the conformational states and the respective binding affinities of 
substrates throughout the enzymatic cycle. It could be shown that YxiN wildtype undergoes 
a closure of the catalytic core upon binding of ATP or pre-hydrolysis analogues of ATP, 
unwinds a double stranded minimal RNA substrate in the presence of ATP and ADP·BeFx and 
upon release of the hydrolysis products and the unwound RNA reopens the catalytic core. 
Binding affinities of RNA and nucleotides reflect these steps of the cycle. The same stepping 
through the catalytic cycle is also demonstrated for the two motif mutants. Differences in 
enzymatic activities are reflected by the different binding constants of the mutants as well as 








5.2.1.  Mutations of the linker between the two RecA core domains 
of YxiN 
 
In order to examine the influence of the linker between the two RecA catalytic core domains 
of the DEAD-box protein YxiN, this sequence was changed in sequence and length. In a first 
step the original length of the linker of nine amino acids was maintained but the amino acid 
sequence was changed into a sequence a bit more flexible. This flexible sequence was then 
shortened and prolonged. The mutations in the catalytic core were then tested for RNA and 
nucleotide binding properties, for enzymatic properties such as ATP hydrolysis activity and 
double stranded RNA unwinding activity, as well as for conformational states in different 
stages of the nucleotide cycle of YxiN. Due to redundancy in the nucleotide sequence of the 
linker, which leads to multiple annealing possibilities for the mutation primers in the longer 
sequences, the longest YxiN linker construct has the original sequence maintained and 





Figure 26: Mutations in the linker between the two RecA domains of YxiN 
 
Figure 26: Mutations in the linker between the two RecA domains of YxiN 
Figure 26 shows the mutations introduced into the linker between the two RecA domains of YxiN. All mutations 
were introduced following the mutagenesis procedure described in section 4.7.5. The original linker sequence 
KAAGLTTRN (highlighted in red) was in a first step changed to GAAGSSGSG in order to get the sequence a bit 
more flexible and then shortened and prolonged to the sequences shown in orange. Since mutagenesis starting 
from the YxiN lk 13 sequence to get the YxiN lk 15 sequence was not possible due to the redundancy in the 






5.2.2. Nucleotide binding of YxiN linker mutants without an RNA 
substrate 
 
In order to determine the nucleotide binding affinities of the YxiN linker mutants to ATP, 
ADP·BeFx and ADP displacement titrations of a mantADP/YxiN complex were performed as 
described in section 4.10. YxiN wildtype has a rather low affinity for ATP with a Kd value of 
111 ± 6 µM. The affinities for the pre-hydrolysis state analogue ADP·BeFx
[65-67] with a Kd 
value of 38 ± 4 µM and also for ADP with a Kd value of 20 ± 2 µM are much higher. Changes 
in the linker in the catalytic core also lead to changes of nucleotide affinities. Reducing the 
linker length to seven (YxiN lk 7), five (YxiN lk 5), four (YxiN lk 4) or three (YxiN lk 3) amino 
acids leads to gradual increase in ATP affinity as reflected by the respective binding 
constants. The binding constant of 111 ± 6 µM for YxiN wildtype is increased to 74 ± 17 µM 
for YxiN lk 7, to 37 ± 11 µM for YxiN lk 5, to 21 ± 7 µM for YxiN lk 4 and to 12 ± 3 µM for YxiN 
lk 3 (see Table 2). Stepping further in the nucleotide cycle the binding constant for the non-
hydrolysable ATP-analogue ADP·BeFx
[65-67] for YxiN wildtype is determined to be 38 ± 4 µM 
and thus much higher than the binding constant for ATP. Reducing the length of the linker in 
the catalytic core leads to a decrease in affinity for ADP·BeFx as reflected by the binding 
constants for YxiN lk 7, determined to be 93 ± 16 µM, for YxiN lk 5, determined to be 147 ± 
42 µM, for YxiN lk 4, determined to be 113 ± 24 µM and for YxiN lk 4, determined to be 93 ± 
29 µM (see Table 2). At the end of the catalytic cycle the binding constant for YxiN wildtype 
for ADP of 20 ± 2 µM reflects a high affinity. Different to ATP and its non-hydrolysable ATP-
analogue ADP·BeFx
[65-67] there is no change in the binding constants of the shorter linker 
mutants for ADP. YxiN lk 7 has a binding constant of 59 ± 11 µM, YxiN lk 5 has a binding 
constant of 41 ± 9 µM and YxiN lk 4 has a binding constant of 46 ± 11 µM. The only mutant 
showing any change in ADP affinity is YxiN lk 3 with a increased binding constant of 14 ± 9 











Figure 27: Nucleotide binding of the short YxiN linker mutants without an RNA substrate 
Figure 27 shows the nucleotide binding of the different short mutants of the linker between the two RecA core 
domains of YxiN. Graphs shown originate from taking a mean value of at least two independent measurements 
and fitting of them. Experimental procedure of these displacement titrations is described in section 4.10. ATP is 
shown in red, ADP·BeFx is shown in green and ADP is shown in violet. Panel A shows nucleotide affinities of YxiN 
lk 3 for ATP (12 ± 3 µM), ADP·BeFx (93 ± 29 µM) and ADP (14 ± 9 µM). Panel B shows nucleotide affinities of 
YxiN lk 4 for ATP (21 ± 7 µM), ADP·BeFx (113 ± 23 µM) and ADP (46 ± 11 µM). Panel C shows nucleotide 
affinities of YxiN lk 5 for ATP (36 ± 11 µM), ADP·BeFx (174 ± 42 µM) and ADP (41 ± 9 µM). Panel D shows 






Table 2: Nucleotide binding constants of the shorter linker mutants 
YxiN linker mutant ATP (µM) ADP·BeFx (µM) ADP (µM) 
lk 3 12 ± 3 93 ± 29 14 ± 9 
lk 4 21 ± 7 113 ± 24 46 ± 11 
lk 5 37 ± 11 174 ± 42 41 ± 9 
lk 7 74 ± 17 93 ± 16 59 ± 11 
wildtype 111  ± 7 38 ± 4 20 ± 2 
 
 
Increasing the linker length of the linker in the catalytic core also leads to a gain in affinity 
for ATP but in the longest linker construct as is reflected by the binding constants of 
49 ± 7 µM for YxiN lk 9, 74 ± 11 µM for YxiN lk 11 and 26 ± 5 µM for YxiN lk 13. In contrast to 
the other longer linker constructs, YxiN lk 15 shows a reduction in ATP binding as seen in the 
binding constant of 132 ± 11 µM (see Table 3). Stepping further in the nucleotide cycle to 
ADP·BeFx a loss in nucleotide affinity can be observed. YxiN lk 9 has a binding constant for 
ADP·BeFx of 33 ± 9 µM, YxiN lk 11 has a binding constant of 71 ± 11 µM and YxiN lk 13 has a 
binding constant of 136 ± 26 µM. The longest linker, YxiN lk 15, shows an affinity for 
ADP·BeFx that is comparable to YxiN wildtype with a binding constant of 55 ± 6 µM (see 
Table 3). At the end of the catalytic cycle the high affinity for ADP as seen in YxiN wildtype is 
also seen for the mutants with a longer catalytic core linker. YxiN lk 9 has a binding constant 
for ADP of 37 ± 9 µM, YxiN lk 11 has a binding constant of 52 ± 6 µM, YxiN lk 13 has a binding 









Figure 28: Nucleotide binding of the long YxiN linker mutants without an RNA substrate 
Figure 28 shows the nucleotide binding of the different long mutants of the linker between the two RecA core 
domains of YxiN. Graphs shown originate from taking a mean value of at least two independent measurements 
and fitting of them. Experimental procedure of these displacement titrations is described in section 4.10. ATP is 
shown in red, ADP·BeFx is shown in green and ADP is shown in violet. Panel A shows nucleotide affinities of YxiN 
lk 9 for ATP (43 ± 8 µM), ADP·BeFx (33 ± 9 µM) and ADP (37 ± 4 µM). Panel B shows nucleotide affinities of YxiN 
lk 11 for ATP (74 ± 11 µM), ADP·BeFx (71 ± 11 µM) and ADP (53 ± 6 µM). Panel C shows nucleotide affinities of 
YxiN lk 13 for ATP (26 ± 5 µM), ADP·BeFx (136 ± 26 µM) and ADP (53 ± 10 µM). Panel D shows nucleotide 





Table 3: Nucleotide binding constants of the shorter linker mutants 
YxiN linker mutant ATP (µM) ADP·BeFx (µM) ADP (µM) 
lk 9 43 ± 8 33 ± 9 37 ± 4 
wildtype 111 ± 7 38 ± 4 20 ± 2 
lk 11 74 ± 11 71 ± 11 53 ± 6 
lk 13 26 ± 5 136 ± 26 53 ± 10 
lk 15 132 ± 11 55 ± 6 49 ± 5 
 
 




Figure 29: Comparison of nucleotide binding of the YxiN linker mutants to YxiN wildtype 
Figure 29 shows a comparison of the YxiN linker mutants to YxiN wildtype concerning nucleotide binding. Panel 
A shows the Kd values of all mutants for ATP. The Kd value for wildtype is shown as a black bar in the lk 9 
section. Panel B shows the Kd values of all mutants for ADP·BeFx. Again, the Kd value for wildtype is shown as a 
black bar in the lk 9 section. Panel C shows the Kd values of all mutants for ADP. The Kd value for wildtype is 




In the absence of any RNA substrate there is an effect of the mutations of the linker in the 
catalytic core on the enzymatic cycle to be observed. Binding of ATP gets tighter if the linker 
is shortened or prolonged, on the other hand binding of the non-hydrolysable ATP-analogue 
ADP·BeFx
[65-67] gets less tight. There is no such effect to be observed at the end of the 
enzymatic cycle, on binding of ADP to the YxiN linker mutants.  
 
 
5.2.3. Nucleotide binding of YxiN linker mutants with an RNA 
substrate 
 
In order to determine the nucleotide binding affinities of the YxiN linker mutants to ATP, 
ADP·BeFx and ADP in the presence of a minimal RNA substrate displacement titrations of a 
mantADP/YxiN complex in presence of a 32mer RNA substrate were performed as described 
in section 4.10. YxiN wildtype has a rather high affinity for ATP with a Kd value of 47 ± 5 µM. 
The affinity for the pre-hydrolysis state analogue ADP·BeFx
[65-67] with a Kd value of 56 ± 20 
µM is in the same range as for ATP. The affinity for ADP with a Kd value of 146 ± 18 µM is 
significantly reduced. Changes in the linker in the catalytic core also lead to changes of 
nucleotide affinities. Reducing the linker length to seven (YxiN lk 7), five (YxiN lk 5), four 
(YxiN lk 4) or three (YxiN lk 3) amino acids leads to a gradual increase in ATP affinity as 
reflected by the respective binding constants. The binding constant of 47 ± 5 µM for YxiN 
wildtype is increased to 26 ± 5 µM for YxiN lk 7, to 25 ± 4 µM for YxiN lk 5, to 12 ± 4 µM for 
YxiN lk 4 and to 19 ± 4 µM for YxiN lk 3 (see Table 4). Stepping further in the nucleotide cycle 
the binding constant for the non-hydrolysable ATP-analogue ADP·BeFx for YxiN wildtype is 
determined to be 56 ± 20 µM very similar to the binding constant for ATP. Reducing the 
length of the linker in the catalytic core leads to small changes in affinity for ADP·BeFx as 
reflected by the binding constants for YxiN lk 7, determined to be 45 ± 18 µM, for YxiN lk 5, 
determined to be 27 ± 13 µM, for YxiN lk 4, determined to be 43 ± 33 µM and for YxiN lk 3, 
determined to be 36 ± 9 µM (see Table 4). At the end of the catalytic cycle the binding 




ATP and its non-hydrolysable ATP-analogue ADP·BeFx
[65-67] there is a change in the binding 
constants of the shorter linker mutants for ADP. Minor increases in nucleotide affinities can 
be observed. YxiN lk 7 has a binding constant of 161 ± 36 µM, YxiN lk 5 has a binding 
constant of 93 ± 23 µM, YxiN lk 4 has a binding constant of 52 ± 17 µM and YxiN lk 3 has a 
binding constant of 103 ± 29 µM (see Table 4). 
 




Figure 30: Nucleotide binding of the short YxiN linker mutants with an RNA substrate 
Figure 30 shows the nucleotide binding of the different short mutants of the linker between the two RecA core 
domains of YxiN in the presence of a 32mer RNA substrate. Graphs shown originate from taking a mean value 




titrations is described in section 4.10. ATP is shown in red, ADP·BeFx is shown in green and ADP is shown in 
violet. Panel A shows nucleotide affinities of YxiN lk 3 for ATP (19 ± 4 µM), ADP·BeFx (36 ± 9 µM) and ADP (103 ± 
29 µM). Panel B shows nucleotide affinities of YxiN lk 4 for ATP (12 ± 4 µM), ADP·BeFx (43 ± 33 µM) and ADP (52 
± 17 µM). Panel C shows nucleotide affinities of YxiN lk 5 for ATP (25 ± 4 µM), ADP·BeFx (27 ± 13 µM) and ADP 
(93 ± 23 µM). Panel D shows nucleotide affinities of YxiN lk 7 for ATP (26 ± 5 µM), ADP·BeFx (24 ± 13 µM) and 
ADP (150 ± 27 µM).  
 
Table 4: Nucleotide binding constants of the shorter linker mutants in the presence of RNA 
YxiN linker mutant ATP (µM) ADPBeFx (µM) ADP (µM) 
lk 3 19 ± 4 36 ± 9 103 ± 29 
lk 4 12 ± 4 43 ± 33 52 ± 17 
lk 5 25 ± 4 27 ± 13 93 ± 23 
lk 7 26 ± 5 45 ± 18 161 ± 36 
wildtype 47 ± 5 56 ± 20 146 ± 18 
 
 
Increasing the linker length of the linker in the catalytic core leads to similar affinities for ATP 
but for the longest YxiN linker mutant, where there is a loss in affinity to be observed as is 
reflected by the binding constants of 48 ± 6 µM for YxiN lk 9, 47 ± 8 µM for YxiN lk 11 and 53 
± 9 µM for YxiN lk 13. In contrast to the other longer linker constructs, YxiN lk 15 shows a 
reduction in ATP binding as seen in the binding constant of 86 ± 14 µM (see Table 5). 
Stepping further in the nucleotide cycle to ADP·BeFx a very small increase in nucleotide 
affinity can be observed. YxiN lk 9 has a binding constant for ADP·BeFx of 24 ± 13 µM, YxiN lk 
11 has a binding constant of 39 ± 26 µM, YxiN lk 13 has a binding constant of 42 ± 13 µM and 
YxiN lk 15 has a binding constant of 44 ± 8 µM (see Table 5). At the end of the catalytic cycle 
the low affinity for ADP as seen in YxiN wildtype is also seen for the mutants with a longer 
catalytic core linker. YxiN lk 9 has a binding constant for ADP of 150 ± 27 µM, YxiN lk 11 has a 
binding constant of 182 ± 45 µM, YxiN lk 13 has a binding constant of 212 ± 60 µM and YxiN 









Figure 31: Nucleotide binding of the long YxiN linker mutants with an RNA substrate 
Figure 31 shows the nucleotide binding of the different long mutants of the linker between the two RecA core 
domains of YxiN in the presence of a 32mer RNA substrate. Graphs shown originate from taking a mean value 
of at least two independent measurements and fitting of them. Experimental procedure of these displacement 
titrations is described in section 4.10. ATP is shown in red, ADP·BeFx is shown in green and ADP is shown in 
violet. Panel A shows nucleotide affinities of YxiN lk 9 for ATP (48 ± 6 µM), ADP·BeFx (24 ± 13 µM) and ADP 
(150 ± 27 µM). Panel B shows nucleotide affinities of YxiN lk 11 for ATP (47 ± 8 µM), ADP·BeFx (39 ± 26 µM) and 
ADP (182 ± 45 µM). Panel C shows nucleotide affinities of YxiN lk 13 for ATP (53 ± 9 µM), ADP·BeFx (42 ± 13 µM) 
and ADP (212 ± 60 µM). Panel D shows nucleotide affinities of YxiN lk 15 for ATP (86 ± 14 µM), ADP·BeFx (44 ± 8 





Table 5: Nucleotide binding constants of the longer linker mutants in the presence of RNA 
YxiN linker mutant ATP (µM) ADPBeFx (µM) ADP (µM) 
lk 9 48 ± 6 24 ± 13 150 ± 27 
wildtype 47 ± 5 56 ± 20 146 ± 18 
lk 11 47 ± 8 39 ± 26 182 ± 45 
lk 13 53 ± 9 42 ± 13 212 ± 60 
lk 15 86 ± 14 44 ± 8 128 ± 18 
 
 
Figure 32: Comparison of nucleotide binding of the YxiN linker mutants to YxiN wildtype in 




Figure 32: Comparison of nucleotide binding of the YxiN linker mutants to YxiN wildtype 
Figure 32 shows a comparison of the YxiN linker mutants to YxiN wildtype concerning nucleotide binding in the 
presence of RNA. Panel A shows the Kd values of all mutants for ATP. The Kd value for wildtype is shown as a 
red bar in the lk 9 section. Panel B shows the Kd values of all mutants for ADP·BeFx. The Kd value for wildtype is 
shown as a black bar in the lk 9 section. Panel C shows the Kd values of all mutants for ADP. The Kd value for 





In general the nucleotide binding affinities are higher in the presence of a 32mer RNA 
substrate than in the absence of an RNA substrate. The trend towards higher affinities for 
ATP in the catalytic core linker mutations is also present if looking at the shortened 
constructs. If looking at the prolonged constructs, this trend is reversed into a trend of 
loosing ATP affinity. The trend to lose affinity for ADP·BeFx observed for the catalytic core 
linker mutations in the absence of RNA is also lost. There rather is a fuzzy trend towards 
increasing affinities, which is also observed for ADP affinities that are virtually the same as 
for YxiN wildtype in the absence of an RNA substrate. Binding of RNA together with binding 
of nucleotide thus influences the nucleotide affinities.  
 
 
5.2.4. Comparison of the ability to bind RNA of YxiN wildtype to 
YxiN linker mutants throughout the nucleotide cycle 
 
As it is important to know binding affinities for nucleotides throughout the nucleotide cycle 
for further activity assays, it is also important to know RNA binding affinities in the presence 
of different nucleotides, or in the absence of them. Furthermore, binding affinities of RNA 
also gives insight into the catalytic cycle of YxiN. To examine the effect of the mutations in 
the linker in the catalytic core of YxiN on RNA binding, fluorescence anisotropy 
measurements were performed as described in section 4.11 and globally fitted with 
equation 5. In the absence of any nucleotide YxiN wildtype shows a binding constant for the 
fluorescently labeled 32mer minimal substrate of 351 ± 93 nM. A slight reduction of this 
affinity is seen for YxiN lk 9 and is found to be 244 ± 140 nM. For the YxiN linker mutant with 
the shortest sequence, YxiN lk 3, the same slight reduction to a Kd of 240 ± 55nM is 
observed. Also for the YxiN linker mutant with the longest sequence, YxiN lk 15, there is this 
slight decrease in Kd to 204 ± 236 nM. In the absence of nucleotide, the influence of the 










Figure 33: Comparison of RNA binding of YxiN wildtype and YxiN linker mutants without 
nucleotide 
Figure 33 shows the ability of the YxiN linker mutants to bind RNA compared to the wildtype enzyme without 
nucleotide. RNA binding was determined by fluorescence anisotropy titrations of a fluorescently labeled 32mer 
with the respective YxiN construct (see section 4.11). Panel A shows two independent measurements for each 
construct and a global fitting thereof (lk 3 in black, lk 9 in red, wt in blue and lk 15 in green).  Panel B shows the 
respective Kd values.  
 
If ADPNP is present, the binding constant for YxiN wildtype of 195 ± 18 nM is reduced to a 
binding constant of 82 ± 15 nM for YxiN lk 9. For the shortest linker construct, YxiN lk 3 the 
binding constant is significantly increased to 487 ± 351 nM reflecting a loss in RNA binding 
ability. The same holds true for the construct with the longest linker sequence, YxiN lk 15 
where the binding constant is increased to 500 ± 482 nM. Presence of an ATP-analogue thus 





Figure 34: Comparison of RNA binding of YxiN wildtype and YxiN linker mutants in the 




Figure 34: Comparison of RNA binding of YxiN wildtype and YxiN linker mutants in the 
presence of ADPNP 
Figure 34 shows the ability of the YxiN linker mutants to bind RNA compared to the wildtype enzyme in the 
presence of ADPNP. RNA binding was determined by fluorescence anisotropy titrations of a fluorescently 
labeled 32mer with the respective YxiN construct (see section 4.11). Panel A shows two independent 
measurements for each construct and a global fitting thereof (lk 3 in black, lk 9 in red, wt in blue and lk 15 in 
green).  Panel B shows the respective Kd values.  
 
In the presence of the non-hydrolysable pre-hydrolysis state ATP analogue ADP·BeFx, the 
binding constant of 277 ± 66 nM for YxiN wildtype is slightly decreased to 180 ± 100 nM for 
YxiN lk 9. While the YxiN construct with the shortest linker sequence, YxiN lk 3 shows a 
drastic decrease in affinity to a Kd value of 770 ± 280 nM the YxiN construct with the longest 
linker sequence, YxiN lk 15 exhibits a dramatic increase in affinity to a Kd value of 32 ± 6 nM. 
Again, presence of a pre-hydrolysis state ATP-analogue[65-67] influences RNA binding affinities 





Figure 35: Comparison of RNA binding of YxiN wildtype and YxiN linker mutants in the 




Figure 35: Comparison of RNA binding of YxiN wildtype and YxiN linker mutants in the 
presence of ADP·BeFx 
Figure 35 shows the ability of the YxiN linker mutants to bind RNA compared to the wildtype enzyme in the 
presence of ADP·BeFx. RNA binding was determined by fluorescence anisotropy titrations of a fluorescently 
labeled 32mer with the respective YxiN construct (see section 4.11). Panel A shows two independent 
measurements for each construct and a global fitting thereof (lk 3 in black, lk 9 in red, wt in blue and lk 15 in 
green).  Panel B shows the respective Kd values.  
 
At the end of nucleotide cycle, in the presence of ADP, there is a drastic loss in affinity for 
the YxiN lk 9 mutant to an RNA binding constant of 1120 ± 343 nM. For the YxiN construct 
with the shortest (YxiN lk 3) and the longest (YxiN lk 15) linker sequence, there is a slight 
increase in affinity as reflected by the RNA binding constants of 192 ± 61 nM and 
138 ± 132 nM respectively. Also in the reset state of the nucleotide cycle, presence of a 





Figure 36: Comparison of RNA binding of YxiN wildtype and YxiN linker mutants in the 




Figure 36: Comparison of RNA binding of YxiN wildtype and YxiN linker mutants in the 
presence of ADP 
Figure 36 shows the ability of the YxiN linker mutants to bind RNA compared to the wildtype enzyme in the 
presence of ADP. RNA binding was determined by fluorescence anisotropy titrations of a fluorescently labeled 
32mer with the respective YxiN construct (see section 4.11). Panel A shows two independent measurements 
for each construct and a global fitting thereof (lk 3 in black, lk 9 in red, wt in blue and lk 15 in green).  Panel B 
shows the respective Kd values.  
 
Taken together, the most pronounced changes in RNA binding affinity are observed for the 
pre-hydrolysis state for the YxiN mutants with the shortest and the longest linker sequence 
and in the ADP state for the YxiN lk 9 mutant. These differences in RNA binding could have 
an impact on the catalytic cycle. Both YxiN linker mutants, YxiN lk 3 and YxiN lk 15 are double 
stranded RNA unwinding deficient. The ATP hydrolysis deficiency of these mutants cannot be 
the reason for this deficiency, since ATP hydrolysis is needed for enzyme reset, but not for 
the enzymatic double stranded RNA unwinding[39]. Thus it might be, that RNA binding in the 
activated RNA state, present in the ADP·BeFx state, is strictly controlled, as gain or loss in 
affinity leads to a loss in double stranded RNA unwinding ability. Impacts of the loss in RNA 
affinity of YxiN lk 9 in the presence of RNA cannot be observed from these experiments, 




reset thus cannot be detected. But it can be observed, that the conformational state of 
YxiN lk 9 in the presence of RNA and ADP does not differ from YxiN wildtype. If there is an 
impact of this loss in RNA affinity, it is not reflected in the conformational state.  
 
5.2.5. RNA stimulated ATPase activity of YxiN wildtype compared 
to YxiN linker mutants.  
 
To investigate the ability of YxiN catalytic core linker mutants to hydrolyse ATP an 
enzymatically coupled RNA stimulated ATPase assay was carried out as described in section 
4.9. YxiN wildtype shows a moderate ATP hydrolysis rate constant of 4.7 ± 0.7 s-1. Reducing 
the linker of the catalytic core leads to a stepwise reduction of ATP hydrolysis rate constants 
as reflected by the values determined for the YxiN linker mutants YxiN lk 7, YxiN lk 5, YxiN lk 
4 and YxiN lk 3. YxiN lk 7 has an ATP hydrolysis rate constant of 3.6 ± 0.4 s-1, YxiN lk 5 has an 
ATP hydrolysis rate constant of 1.03 ± 0.02 s-1 and the YxiN lk 4 and YxiN lk 3 mutants are 
completely ATPase deficient. Increasing of the linker length in the catalytic core also leads to 
a reduction of ATP hydrolysis rate constants as reflected by the values determined for the 
YxiN linker mutants YxiN lk 11, YxiN lk 13 and YxiN lk 15. YxiN lk 11 has an ATP hydrolysis rate 
constant of 4.6 ± 0.3 s-1 and YxiN lk 13 has an ATP hydrolysis rate constant of 2.1 ± 0.3 s-1. 
Again the longest linker in the catalytic core is ATP hydrolysis deficient.  
 
Table 6: RNA stimulated ATPase activity of YxiN wildtype compared to YxiN linker mutants 
YxiN linker mutant KM     ( µM) kcat      (s
-1) 
lk 3 not detected not detected 
lk 4 not detected not detected 
lk 5 0.0015 ± 0.001 1.03 ± 0.0013 
lk 7 0.018 ± 0.001 3.58 ± 0.38 
lk 9 0.017 ± 0.008 4.17 ± 0.43 
wildtype 0.012 ± 0.001 4.66 ± 0.69 
lk 11 0.021 ± 0.006 4.56 ± 0.28 
lk 13 0.054 ± 0.018 2.11 ± 0.23 









Figure 38: RNA stimulated ATPase activity of YxiN wildtype compared to YxiN linker 
mutants 
Figure 38 shows the ATP hydrolysis activity of YxiN wildtype compared to YxiN linker mutants as determined by 
an enzymatically coupled ATPase assay (described in section 4.9). Panel A shows at least three independent 
measurements of RNA stimulated ATPase activity of YxiN wildtype and the YxiN short linker mutants and a 
global fitting of them according to equation 2. YxiN wildtype is shown in blue, YxiN lk 5 in cyan, YxiN lk 7 in 
magenta. Panel B shows at least three independent measurements of RNA stimulated ATPase activity of YxiN 
wildtype and the YxiN long linker mutants and a global fitting of them according to equation 2. YxiN lk 9 is 
shown in red, YxiN lk 11 in wine, YxiN lk 13 in orange and YxiN lk 15 in green. Panel C shows the respective 




These results indicate that the length of the linker in the catalytic core is strictly controlled. If 
the linker is too long and allows too much flexibility in the movement of the two core RecA 
domains relative to each other, ATP can no longer be hydrolysed. The same effect is also 
seen if the linker in the catalytic core is too short allowing too little flexibility of the two core 
RecA domains relative to each other.  
 
 
5.2.6. Influence of the YxiN linker mutations on double stranded 
RNA unwinding 
 
Having determined RNA and nucleotide affinities and ATP hydrolysis rates for the YxiN linker 
mutants, testing the ability to unwind double stranded RNA was needed and we next tested, 
whether the influences on substrate binding and ATP hydrolysis rates are also present in the 
second enzymatic process, the unwinding of double stranded RNA. To examine this influence 
of the linker in the catalytic core of YxiN on the unwinding activity of the respective mutants 
FRET based unwinding assays were performed as described in section 4.12.1. Unwinding 
reactions were performed with a minimal double stranded RNA substrate Cy3-9mer 
hybridised to a Cy5-32mer of the hairpin 92 of the 23S rRNA in the presence of ATP and the 
non-hydrolysable pre-hydrolysis state ATP-analogue ADP·BeFx
[65-67] with YxiN wildtype and 
the YxiN linker mutants. In the presence of ATP YxiN wildtype shows an unwinding rate 
constant of 7.7*10-3 ± 6.8*10-5 s-1. Reducing the length of the linker to seven (YxiN lk 7), five 
(YxiN lk 5), four (YxiN lk 4) and three (YxiN lk 3) amino acids leads to a reduction in unwinding 
rates, after an increase in unwinding rate for YxiN lk 7. The rate constant determined for 
YxiN lk 7 is 2.2*10-2 ± 4.9*10-5 s-1. The rate constant determined for YxiN lk 5 is 3.5*10-3 ± 
3.2*10-5 s-1. The rate constant determined for YxiN lk 4 is 1.3*10-3 ± 1.3*10-5 s-1 and the rate 





Table 7: double stranded RNA unwinding rate constants of the short YxiN linker mutants 
compared to YxiN wildtype in the presence of ATP 
 
YxiN linker mutant rate constant with ATP (s
-1
) 
lk 3 6.1 * 10 
-4
 ± 1.7 * 10
-5
 
lk 4 1.3 * 10 
-3
 ± 1.3 * 10
-5
 
lk 5 3.5 * 10 
-3
 ± 3.2 * 10
-5
 
lk 7 2.2 * 10 
-3
 ± 4.9 * 10
-5
 
wildtype 7.7 * 10 
-3





Figure 39: double stranded RNA unwinding rate constants of the short YxiN linker mutants 







Figure 39: double stranded RNA unwinding rate constants of the short YxiN linker mutants 
compared to YxiN wildtype in the presence of ATP 
Figure 39 shows the capability of the short YxiN linker mutants to unwind a minimal RNA substrate consisting 
of a Cy3-9mer and a Cy5-32mer of the hairpin 92 of the23S rRNA in the presence of ATP. The experimental 
procedure is described in section 4.12.1. For comparison, YxiN wildtype (blue curve) is included in all graphs. All 
panels show two independent measurements and a global fit thereof. The unwinding rate constant determined 












 for YxiN lk 4 (pink 












 for YxiN lk 7 
(magenta curve, panel D) 
 
Increasing the length of the linker in the catalytic core to eleven (YxiN lk 11), thirteen 
(YxiN lk 13) and fifteen (YxiN lk 15) amino acids first leads to a drastic increase in double 
stranded RNA unwinding rate (YxiN lk 11), but then again to a decrease (YxiN lk 13) and a 
complete loss (YxiN lk 15). Changing of the sequence of the linker in the catalytic core does 
not change the double stranded RNA unwinding rates. The rate constant determined for 
YxiN lk 9 is 8.2*10-3 ± 7.5*10-5 s-1. The rate constant determined for YxiN lk 11 is 5.8*10-2 ± 
1.2*10-3 s-1. The rate constant determined for YxiN lk 13 is 7.1*10-3 ± 7.1*10-5 s-1 and the rate 
constant determined for YxiN lk 15 is 1.3*10-3 ± 1.3*10-5 s-1. 
 
Table 8: double stranded RNA unwinding rate constants of the long YxiN linker mutants 
compared to YxiN wildtype in the presence of ATP 
 
YxiN linker mutant rate constant with ATP (s
-1
) 
lk 9 8.2 * 10 
-3
 ± 7.5 * 10
-5
 
wildtype 7.7 * 10 
-3
 ± 6.8 * 10
-5
 
lk 11 5.8 * 10 
-2
 ± 1.2 * 10
-3
 
lk 13 7.1 * 10 
-3
 ± 7.1 * 10
-5
 
lk 15 1.3 * 10 
-3








Figure 40: double stranded RNA unwinding rate constants of the long YxiN linker mutants 





Figure 40: double stranded RNA unwinding rate constants of the long YxiN linker mutants 
compared to YxiN wildtype in the presence of ATP 
Figure 40 shows the capability of the long YxiN linker mutants to unwind a minimal RNA substrate consisting of 
a Cy5-32mer and a Cy3-9mer of the hairpin 92 of the23S rRNA in the presence of ATP. The experimental 
procedure is described in section 4.12.1. For comparison, YxiN wildtype (blue curve) is included in all graphs. All 
panels show two independent measurements and a global fit thereof. The unwinding rate constant determined 












 for YxiN lk 11 (wine 
curve, panel F); 7.1*10
-3
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In the presence of ADP·BeFx YxiN wildtype shows an unwinding rate constant of 1.9*10
-2 ± 
2.3*10-4 s-1. Reducing the length of the linker to seven (YxiN lk 7), five (YxiN lk 5), four (YxiN 
lk 4) and three (YxiN lk 3) amino acids leads to a reduction in unwinding rates. The rate 
constant determined for YxiN lk 7 is 6.5*10-3 ± 6.7*10-5 s-1. The rate constant determined for 
YxiN lk 5 is 1.4*10-3 ± 2.4*10-5 s-1. The rate constant determined for YxiN lk 4 is 1.2*10-3 ± 
2.3*10-5 s-1 and the rate constant determined for YxiN lk 3 is 3.2*10-4 ± 2.4*10-5 s-1. 
 
Table 9: double stranded RNA unwinding rate constants of the short YxiN linker mutants 
compared to YxiN wildtype in the presence of ADP·BeFx 
 
YxiN linker mutant rate constant with ADP·BeFx (s
-1
) 
lk 3 3.2 * 10 
-4
 ± 2.4 * 10
-5
 
lk 4 1.2 * 10 
-3
 ± 2.3 * 10
-5
 
lk 5 1.4 * 10 
-3
 ± 2.4 * 10
-5
 
lk 7 6.5 * 10 
-3
 ± 6.7 * 10
-5
 
wildtype 1.9 * 10 
-2








Figure 41: double stranded RNA unwinding rate constants of the short YxiN linker mutants 




Figure 41: double stranded RNA unwinding rate constants of the short YxiN linker mutants 
compared to YxiN wildtype in the presence of ADP·BeFx 
Figure 41 shows the capability of the short YxiN linker mutants to unwind a minimal RNA substrate consisting 
of a Cy3-9mer and a Cy5-32mer of the hairpin 92 of the23S rRNA in the presence of ADP·BeFx. The 
experimental procedure is described in section 4.12. For comparison, YxiN wildtype (blue curve) is included in 
all graphs. All panels show two independent measurements and a global fit thereof. The unwinding rate 































Increasing the length of the linker in the catalytic core to eleven (YxiN lk 11), thirteen 
(YxiN lk 13) and fifteen (YxiN lk 15) amino acids or changing the sequence of the linker in the 
catalytic core leads to a decrease in double stranded RNA unwinding rate or even a complete 
loss (YxiN lk 15). The rate constant determined for YxiN lk 9 is 6.1*10-3 ± 6.3*10-5 s-1. The rate 
constant determined for YxiN lk 11 is 2.3*10-3 ± 2.4*10-5 s-1. The rate constant determined 
for YxiN lk 13 is 5.5*10-3 ± 7.4*10-5 s-1 and the rate constant determined for YxiN lk 15 is 
1 *10-3 ±2.1*10-4 s-1. 
 
Table 10: double stranded RNA unwinding rate constants of the long YxiN linker mutants 
compared to YxiN wildtype in the presence of ADP·BeFx 
 
YxiN linker mutant rate constant with ADP·BeFx (s
-1
) 
lk 9 6.1 * 10 
-3
 ± 6.3 * 10
-5
 
wildtype 1.9 * 10 
-2
 ± 2.3 * 10
-4
 
lk 11 2.3 * 10 
-3
 ± 2.4 * 10
-5
 
lk 13 5.5 * 10 
-3
 ± 7.4 * 10
-5
 
lk 15 1 * 10 
-3








Figure 42: double stranded RNA unwinding rate constants of the long YxiN linker mutants 




Figure 42: double stranded RNA unwinding rate constants of the long YxiN linker mutants 
compared to YxiN wildtype in the presence of ADP·BeFx 
Figure 42 shows the capability of the long YxiN linker mutants to unwind a minimal RNA substrate consisting of 
a Cy5-32mer and a Cy3-9mer of the hairpin 92 of the23S rRNA in the presence of ADP·BeFx. The experimental 
procedure is described in section 4.12. For comparison, YxiN wildtype (blue curve) is included in all graphs. All 
panels show two independent measurements and a global fit thereof. The unwinding rate constant determined 
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Figure 43: double stranded RNA unwinding rate constants of the YxiN linker mutants 




Figure 43: double stranded RNA unwinding rate constants of the YxiN linker mutants 
compared to YxiN wildtype 
Figure 43 shows the capability of the YxiN linker mutants to unwind a minimal RNA substrate compared to YxiN 
wildtype. Rate constants are represented on a bar plot and error bars originate from a global fitting of two 
independent measurements. Panel A shows the comparison of the YxiN linker mutants to YxiN wild type in the 
presence of ATP (wildtype shown as lk 9 in red) and panel B shows the comparison of the YxiN linker mutants 
compared to YxiN wild type in the presence of ADP·BeFx (wildtype shown as lk 9 in black). 
 
These findings display a clear dependency of the unwinding activity in the presence of both 
nucleotides ATP and its non-hydrolysable pre-hydrolysis state analogue ADP·BeFx
[65-67] on the 






5.2.7. Propensity to undergo a conformational change of the YxiN 
linker mutants throughout the nucleotide cycle 
 
Having determined binding constants and enzymatic properties of the mutants in the linker 
in the catalytic core of YxiN it was interesting to investigate, whether the effects seen in the 
binding properties or the enzymatic function are also reflected in the conformational state 
of the respective mutants. To investigate this impact single molecule fluorescence energy 
transfer (smFRET) experiments were performed as described in section 4.13.4. YxiN wildtype 
undergoes a conformational change towards a closed cleft in the catalytic core in the 
presence of both substrates, ADPNP and 153mer RNA[46]. In the presence of ATP and 153mer 
RNA the YxiN linker mutant YxiN lk 9 exhibits two major FRET distributions at a FRET 
efficiency of 0.3, corresponding to an open conformation[46] and at a FRET efficiency of 0.7, 
corresponding to a closed conformation[46]. The observation of two distinct FRET efficiency 
distributions reflects the fact, that this mutant is enzymatically fully active, and thus both 
states of the catalytic cycle can be observed. The same two distinct FRET efficiency 
distributions can also be observed for the enzymatic active YxiN linker mutants YxiN lk 7, 
YxiN lk 11 and YxiN lk 13. In the presence of the non-hydrolysable ATP-analogues ADPNP or 
ADP·BeFx
[65-67] and 153mer RNA all these mutants show a FRET efficiency of 0.7 
corresponding to a closed conformation. The reason for this single distribution to be seen is 
that ADPNP and ADP·BeFx cannot be hydrolysed and the catalytic cycle cannot be finished, 









Figure 44: Conformational states of the YxiN linker mutant lk 7 
Figure 44 shows the conformational states of the YxiN linker mutant lk 7 with the 153mer RNA substrate and 
different nucleotides as well as with no substrate. Single molecule FRET experiments were carried out as 
described in section 4.13.4. Panel A shows the conformational state of lk 7 in the absence of any substrate, 
which is an open conformation. Panel B shows the conformational state of lk 7 in the presence of ATP and 
153mer RNA. There is a pronounced population at a FRET efficiency corresponding to a closed conformation, 
but also a very small population at a FRET efficiency corresponding to an open conformation. Panel C shows the 
conformational state of lk 7 in the presence of ADPNP and panel D shows the conformational state of lk 7 in the 








Figure 45: Conformational states of the YxiN linker mutant lk 9 
Figure 45 shows the conformational states of the YxiN linker mutant lk 9 with the 153mer RNA substrate and 
different nucleotides as well as with no substrate. Single molecule FRET experiments were carried out as 
described in section 4.13.4. Panel A shows the conformational state of lk 9 in the absence of any substrate, 
which is an open conformation. Panel B shows the conformational state of lk 9 in the presence of ATP and 
153mer RNA. There is a pronounced population at a FRET efficiency corresponding to a closed conformation, 
but also a pronounced population at a FRET efficiency corresponding to an open conformation. Panel C shows 
the conformational state of lk 9 in the presence of ADPNP and panel D shows the conformational state of lk 9 in 








Figure 46: Conformational states of the YxiN linker mutant lk 11 
Figure 46 shows the conformational states of the YxiN linker mutant lk 11 with the 153mer RNA substrate and 
different nucleotides as well as with no substrate. Single molecule FRET experiments were carried out as 
described in section 4.13.4. Panel A shows the conformational state of lk 11 in the absence of any substrate, 
which is an open conformation. Panel B shows the conformational state of lk 11 in the presence of ATP and 
153mer RNA. There is a population at a FRET efficiency corresponding to a closed conformation, but also at a 
FRET efficiency corresponding to an open conformation. Panel C shows the conformational state of lk 11 in the 
presence of 153mer RNA and ADPNP. The measured FRET efficiency corresponds to a closed conformation. 
Panel D shows the conformational state in the presence of ADP·BeFx. In this case, the FRET efficiency measured 








Figure 47: Conformational states of the YxiN linker mutant lk 13 
Figure 47 shows the conformational states of the YxiN linker mutant lk 13 with the 153mer RNA substrate and 
different nucleotides as well as with no substrate. Single molecule FRET experiments were carried out as 
described in section 4.13.4. Panel A shows the conformational state of lk 13 in the absence of any substrate, 
which is an open conformation. Panel B shows the conformational state of lk 13 in the presence of ATP and 
153mer RNA. There is a pronounced population at a FRET efficiency corresponding to an open conformation.  
Panel C shows the conformational state of lk 13 in the presence of 153mer RNA and ADPNP. The measured 
FRET efficiency corresponds to a closed conformation. Panel D shows the conformational state in the presence 




In contrast to the enzymatically active mutants YxiN lk 7 to YxiN lk 13, the enzymatically 
inactive mutants YxiN lk 4, YxiN lk 3 and YxiN lk 15 show a single peak at a FRET efficiency of 
0.35 (YxiN lk 3 and YxiN lk 4) and 0.45 (YxiN lk 15) respectively that correspond to an open 
conformation in the presence of ATP and 153mer RNA. Although these mutants retain the 
capability of binding ATP and RNA as shown in Figures 27/28 and 30 they cannot adopt a 
closed conformation. Also in the presence of the non-hydrolysable ATP-analogue ADPNP and 
153mer RNA all of these mutants cannot adopt a closed conformation as reflected by the 
FRET efficiencies of 0.35 (YxiN lk 3), 0.25 (YxiN lk 4) and 0.45 (YxiN lk 15). In the presence of 
the non-hydrolysable ATP-analogue ADP·BeFx
[65-67] they do not show they same 
conformation. The enzymatically active mutants, YxiN lk 4 and YxiN lk 15 adopt a closed 
conformation as reflected by the corresponding FRET efficiencies of 0.7 (YxiN lk 4) and 0.6 
(YxiN lk 4). ADP·BeFx, representing an activated state of the enzyme thus differs from ATP in 
that respect. Binding of ATP and RNA is not sufficient to close the cleft in the catalytic core in 
these mutants, but the ATP-analogue representing the activated state is sufficient to do so. 
The YxiN linker mutant YxiN lk 3 is the only construct showing an open conformation 









Figure 48: Conformational states of the YxiN linker mutant lk 3 
Figure 48 shows the conformational states of the YxiN linker mutant lk 3 with the 153mer RNA substrate and 
different nucleotides as well as with no substrate. Single molecule FRET experiments were carried out as 
described in section 4.13.4. Panel A shows the conformational state of lk 3 in the absence of any substrate, 
Panel B shows the conformational state of lk 3 in the presence of 153mer RNA and ATP, Panel C in the presence 
of 153mer and ADPNP and Panel D in the presence of ADP·BeFx. They all display FRET efficiencies 









Figure 49: Conformational states of the YxiN linker mutant lk 4 
Figure 49 shows the conformational states of the YxiN linker mutant lk 4 with the 153mer RNA substrate and 
different nucleotides as well as with no substrate. Single molecule FRET experiments were carried out as 
described in section 4.13.4. Panel A shows the conformational state of lk 4 in the absence of any substrate, 
which is an open conformation. Panel B shows the conformational state of lk 4 in the presence of 153mer RNA 
and ATP, Panel C in the presence of 153mer and ADPNP. They both display FRET efficiencies corresponding to 
an open conformation. Panel D shows the conformational state in the presence of ADP·BeFx. In this case, the 









Figure 50: Conformational states of the YxiN linker mutant lk 15 
Figure 50 shows the conformational states of the YxiN linker mutant lk 15 with the 153mer RNA substrate and 
different nucleotides as well as with no substrate. Single molecule FRET experiments were carried out as 
described in section 4.13.4. Panel A shows the conformational state of lk 15 in the absence of any substrate. 
Panel B shows the conformational state of lk 15 in the presence of ATP and 153mer RNA and Panel C shows the 
conformational state of lk 15 in the presence of 153mer RNA and ADPNP. They all display FRET efficiencies 
corresponding to an open conformation. Panel D shows the conformational state in the presence of ADP·BeFx. 





In the presence of ATP and 153mer RNA there is a clear difference between enzymatically 
active mutants and enzymatically inactive mutants in the conformational states. The active 
mutants adopt a closed conformation in the presence of both nucleotides and an additional 
open conformation in the presence of ATP, since they can finish their enzymatic cycle. In the 
presence of ADPNP or ADP·BeFx there is no such discrimination between enzymatically 
active and inactive mutants. All mutants (YxiN lk 4 to YxiN lk 15) adopt a closed conformation 
with ADP·BeFx and 153mer RNA. The YxiN linker mutant YxiN lk 3 is the only construct 
showing an open conformation. ADP·BeFx thus can trap all but the shortest linker mutant in 
a closed conformation. YxiN lk 4, which is the shortest linker mutant still adopting a closed 
conformation shows a lower FRET efficiency than the other linker mutants and YxiN 
wildtype, indicating that the cleft in the catalytic core is partly open in the YxiN lk 4. This 
could originate from a restricted movement between the two RecA domains of the catalytic 
core, and might also explain why YxiN lk 3 does not show any closure at all. To make sure, 
that the closure of the catalytic cleft is not an ADP·BeFx-dependent artefact, smFRET 
measurements of all the YxiN mutants in the presence of ADP·BeFx but in the absence of 
153mer RNA were performed. All mutants show a single peak at FRET efficiencies 
corresponding to their respective open conformation. Therefore it is the combined binding 










Figure 51: Conformational state of the YxiN linker mutants with ADP·BeFx but no RNA 
substrate 
Figure 51 shows control measurements of those YxiN linker mutants, which display a closure of the cleft in the 
presence of 153mer RNA and ADP·BeFx. All YxiN linker mutants show a distinct FRET population at FRET 




6. Discussion and Outlook 
 
YxiN from B.subtilis belongs to the group of DEAD-box proteins and consists of the typical 
building blocks of this class of enzymes with the catalytic core and an additional C-terminal 
domain. The catalytic RecA domains of the core of different DEAD-box proteins can be 
superimposed very well on one RecA subunit but not on the other in the absence of any 
substrate[16, 50-54, 68]. Upon binding of RNA and nucleotides a conformational change occurs 
that leads to a very good superimposition of both RecA subunits[38, 55, 68-69]. This structural 
evidence in addition to the finding that a covalent linkage between the two RecA subunits of 
the catalytic core is essential for helicase activity[49] gave rise to the hypothesis for the need 
for interdomain communication. In the work presented here a thorough investigation of the 
role of the linker between the two RecA subunits in inter-domain communication was 
performed. RNA and nucleotide binding affinities, ATP hydrolysis and double stranded RNA 
unwinding rates were determined and conformational states examined.  
 
 
6.1 Nucleotide affinities in the absence and presence of RNA 
 
In this part of the work a systematic investigation of the dissociation constants of YxiN 
wildtype and YxiN linker mutants for nucleotides representing intermediates of the 
nucleotide cycle and RNA were determined. In the absence of RNA, YxiN wildtype shows 
higher affinity for the pre-hydrolysis[65-67] ATP analogue ADP·BeFx, the post-hydrolysis
[65-67] 
ATP analogue ADP·MgFx, and ADP than for ATP.  
In the motif VI mutant R330A there is a switch in nucleotide preference, namely the affinity 
for ATP is higher than for the wildtype and the affinity for ADP·BeFx is lower than for the 
wildtype. The affinity for ADP is in the same range for both enzymes. The same mutant also 





[65-67]. This is reflected by the fact that the affinity of YxiN wildtype for the 32mer 
minimal RNA substrate in the absence of any nucleotide changes 1.3-fold in the presence of 
ADP·BeFx. For the motif VI mutant R330A this is different with the change in affinity for the 
32mer minimal RNA substrate being roughly 11-fold in the presence of ADP·BeFx. The 
change in affinity in the presence of the non-hydrolysable ATP-analogue ADPNP compared 
to the nucleotide-free state is 1.4-fold and thus comparable to the 1.8-fold change observed 
for YxiN wildtype. This mutant thus seems to be deficient in discriminating between the not 
activated state of the nucleotide cycle, represented by ADPNP  and the activated state of the 
nucleotide cycle, represented by ADP·BeFx and has a clear impact on RNA binding and 
nucleotide selectivity. 
Mutations in the linker connecting the two RecA domains of the catalytic core resulted in 
higher affinities for ATP compared to YxiN wildtype. For ADP·BeFx the same mutants show 
lower affinities compared to YxiN wildtype. These lower affinities reflect the fact that the 
preference for the activated nucleotide state, represented by ADP·BeFx observed for the 
wildtype enzyme is lost in the YxiN linker mutants. All linker mutations but the shortest show 
no gain or loss in affinity for ADP. Therefore it appears that at the final step, at the end of 
the nucleotide cycle the flexibility of the core subunits does not seem to have an impact on 
nucleotide binding. It is worth noting that already the construct with the conserved linker 
length (YxiN lk 9) has a clear effect on nucleotide affinities if nucleotide affinities are 
normalised to the ADP affinity (ATP/ADP and ADP·BeFx/ADP). The ratio of ATP/ADP is 5.5 for 
YxiN wildtype and 1.1 for YxiN lk 9, thus there is a 5-fold reduction in this ratio. A 2-fold 
reduction from a ratio of 2 in YxiN wildtype for ADP·BeFx/ADP is found to a ration of 1 for 
YxiN lk 9. This is especially surprising taking into account that this construct is a conservative 
amino acid exchange from threonine to serine in the only conserved amino acid (T211A) in 
the linker sequence. To investigate the impact of exchanging this amino acid, a mutation 
from threonine to alanine was introduced. Preliminary results on nucleotide binding of this 
mutant indicate, that the effect on the ratio of ADP·BeFx/ADP is lost, the ratio being 
wildtype-like as reflected by the ratios of 1.9 for YxiN wildtype and 1.5 for YxiN T211A. On 
the other hand these preliminary results suggest that effect on the ratio of ATP/ADP is still 
present as reflected by the ratios of 5.5 for YxiN wildtype and 1.2 for YxiN T211A. Therefore 




nucleotide before an activation step. A more thorough investigation of the conserved 
threonine is therefore required.  
In the presence of an RNA substrate, the affinity for ATP is higher compared to the affinity 
without any RNA substrate for YxiN wildtype. Furthermore, the affinity for ADP·BeFx is 
virtually identical to the affinity for ATP and also similar to the affinity determined without 
an RNA substrate. There is a coupling of RNA and ATP binding that is not observed for RNA 
and ADP·BeFx binding. Regarding the YxiN linker mutants, affinities for ATP in the presence of 
RNA are increased for mutants with a shorter length and decreased for mutants with a 
longer length compared to YxiN wildtype. There is no more loss in affinities for ADP·BeFx in 
the YxiN linker mutants as seen in the absence of RNA but the affinities for ADP in the 
presence of RNA are decreased in all the YxiN linker mutants compared to YxiN wildtype. The 
desensitisation for ADP·BeFx observed for the YxiN linker mutants in the absence of RNA is 
not observable anymore in the presence of RNA, they seem to lose sensitivity for the 
differences between ATP and ADP·BeFx when bound to RNA. Mutations in the motif VI or in 
the linker of the catalytic core have an impact on nucleotide affinities, both in the absence 
and the presence of an RNA substrate. In addition there also is an impact on the cooperative 
binding of nucleotide and RNA. 
 
 
6.2 RNA affinities in the absence and presence of different 
nucleotides 
 
YxiN wildtype binds a 32mer minimal RNA substrate with nanomolar affinities. A minor 
increase in RNA affinity can be observed in the presence of ADPNP, ADP·BeFx and ADP. In 
contrast, the affinity for the 32mer RNA in the presence of ADP·MgFx shows a minimal 
decrease. In the context of the enzymatic activity cycle these higher affinities in the ADPNP 
and ADP·BeFx states indicate a cooperativity in binding of nucleotide and RNA, which is 




population probability of functional complexes. The higher affinities found for the ADPNP 
and ADP·BeFx state for RNA compared to the nucleotide-free state and the the ADP·MgFx 
state found to have a lower RNA affinity are in good agreement with the finding that 
phosphate release results in a reset of an enzyme with a low RNA affinity state in the 
presence of ADP[39]. Furthermore it is described that DEAD-box proteins exhibit a low RNA 
affinity in the nucleotide-free and the ADP bound state[69-71]. The fact that the ADP-bound 
state shows a minimally higher affinity for RNA than the nucleotide-free state is not in 
agreement with this. RNA affinities in the ATP bound state were determined for some DEAD-
box proteins and vary from low binding affinities for Dbp5 and eIF4A in the low µM 
range[69,72] and high binding affinities for DbpA in the high pM range[42, 73]. The RNA affinity 
determined for YxiN is comparable to the lower RNA affinities. In the presence of ADPNP, 
ADP·BeFx or ADP·AlF4, a high affinity RNA binding state is promoted in several DEAD-box 
proteins[39, 46, 69, 72, 74]. These high affinity states for ADPNP and ADP·BeFx are observed for 
YxiN wildtype as well. RNA affinities in the ADP·MgFx bound state are drastically lower than 
in the other nucleotide bound states. A decrease in affinity after hydrolysis of ATP could 
indicate that this might correlate with strand release. In the process of unwinding 
throughout the nucleotide cycle, the first strand gets released after ATP hydrolysis and the 
second strand with the release of ADP and Pi. The hypothesis that RNA affinities reflect the 
order of strand release might be tested by determining the affinities of a complementary 32 
bp long strand, since most probably, the sequence in combination with the length is the 
determining factor, of which strand gets released upon ATP hydrolysis. 
The motif I mutant K52Q is known to be ATPase deficient but able to close the cleft in the 
catalytic core[56]. This motif I mutant shows an approximately 2-fold decreased affinity for 
RNA in the absence of any nucleotide. The affinities in the presence of ATP, ADPNP, 
ADP·BeFx and ADP are increased compared to the nucleotide-free state and in the case of 
ADP·BeFx and ADP also compared to YxiN wildtype. The deficiency in ATP hydrolysis has no 
impact on the cooperativity of 32mer RNA and nucleotide binding as reflected by this 
increase in 32mer RNA affinity in the presence of nucleotides for both enzymes YxiN 




The motif VI mutant is also found to be ATPase deficient and exhibits a clearly lower affinity 
for a 32mer RNA substrate in the absence of nucleotides compared to YxiN wildtype. 
However, the affinity increases in the presence of ADP·BeFx and is higher than that observed 
for the YxiN wildtype. On the other hand affinities for the same RNA substrate are lower in 
the presence of ADPNP and ADP and also lower than the affinity determined for YxiN 
wildtype (ADPNP) or comparable to YxiN wildtype (ADP). The motif VI mutant R330A thus 
has an impact on RNA binding and also on nucleotide selectivity. 
RNA affinities were also determined for the mutants of the linker in the catalytic core 
YxiN lk 3, YxiN lk 9 and YxiN lk 15. In the absence of nucleotide an approximate 1.5-fold 
minor increase in affinity for the 32mer RNA substrate was observed for all tested YxiN linker 
mutants compared to YxiN wildtype. In the presence of ADPNP there is a clear 2.5-fold 
decrease in affinity for the YxiN lk 3 and the YxiN lk 15 mutant. In contrast the YxiN lk 9 
mutant rather shows a 2.5-fold increase in RNA affinity in the presence of ADPNP. For both 
the shortest and the longest linker construct amplitudes of the fluorescence anisotropy 
increase upon protein binding is rather small rendering an overestimation of the dissociation 
constant possible. The smaller amplitude of the fluorescence anisotropy increase in the 
shortest and the longest linker construct might originate from a loss of the RNA affinity 
conferred by the catalytic core. This would render the fluorescent dye attached to the RNA 
more flexible in these constructs, assuming that the dye is attached to the RNA end involved 
in core binding. This assumption is reasonable as the dye is attached on the RNA end lacking 
the hairpin recognised by the RBD. In presence of ADP·BeFx there is a dramatic 8.5-fold 
increase in RNA affinity in the YxiN lk 15 mutant. Only minor changes compared to the 
drastic affinity increase for YxiN lk 15 are observed for the YxiN lk 3 mutant (2.7-fold 
decrease) and for the YxiN lk 9 (1.5-fold increase). At the end of the catalytic cycle, in the 
presence of ADP, the most striking finding is that YxiN lk 9 shows a drastic 4-fold decrease in 
RNA affinity compared to YxiN wildtype, while the other mutants YxiN lk 3 and YxiN lk 15 
show only minor changes with a 1.5-fold and a 2-fold increased 32mer RNA affinity. Possibly, 
the serine to theronine mutation in the linker leads to restrictions in the RNA binding ability 
at the final step of the nucleotide cycle that can be circumvented by having a more flexible 
or a more restricted linker connecting the RecA domains in the core. In the beginning of the 




fluorescent anisotropy amplitudes upon protein binding and also to 32mer RNA affinities 
different to YxiN wildtype. Changes in the linker thus affect binding of a rather short RNA 
substrate to YxiN, although the major contribution of RNA binding is provided by the RNA 
binding domain[41].  
Binding of 32mer RNA to the catalytic core of YxiN could not be determined. RNA affinities of 
32mer RNA to the YxiN RBD fused to a GST lie between 1.5 µM and 5.9 µM depending on the 
presence of nucleotides. There is clearly no influence of nucleotides on RNA binding to the 
YxiN RBD as expected since there are no nucleotide binding sites located in that domain. The 
RNA affinities of 376 nM for YxiN wildtype and 1.5 to 5.9 µM for the YxiN RBD determined in 
this study using fluorescence anisotropy are significantly lower than RNA affinities of 4.6 nM 
for YxiN wildtype and 5.2 nM for YxiN RBD[41] determined by gel shift assays with a 5’-P32 
labelled 30mer minimal RNA substrate. Since the substrates are identical in sequence and 
highly similar in size the difference in binding affinities cannot be attributed to differences in 
the substrate, but might rather be due to the different methods used. Since the substrate 
used in this study contains a fluorescein label at the 5’-end of the RNA strand it is 
conceivable that the fluorophor interacts with the protein. This can be further supported by 
the observation that a 32mer/9mer RNA substrate with a 5’-Cy5 label on the 32mer and 3’-
Cy3 label on the 9mer, results in RNA binding affinities comparable to the ones found for the 
fluorescein labelled substrate. All in all the mutations introduced have an impact on RNA 
binding throughout the nucleotide cycle.  
 
 
6.3 ATP hydrolysis 
 
In the absence of RNA substrates, YxiN wildtype exhibits an extremely low ATPase activity 
with a kcat of 0.03 min
-1[33] which is increased almost 2000-fold to a higher kcat value of 55 
min-1 (0.91 s-1) in the presence of a 30mer[41] and to kcat values between 2.4 s
-1[56] and 4.1 s-1 




results obtained in this study are in very good agreement with these earlier findings showing 
a hydrolysis rate of 5.2 s-1 for 153mer stimulated ATP hydrolysis. Its homolog DbpA in E.coli 
hydrolyses ATP at a rate virtually identical to YxiN (5 s-1 / 4.8 s-1)[45, 71]. Slower ATP hydrolysis 
is found for Hera from T. thermophilus with a kcat of 1.8 - 2.6 s
-1 depending on the RNA 
substrate chosen for stimulation[75] and for the E.coli enzyme SrmB with an ATP hydrolysis 
rate of 0.005 min-1[34]. Higher ATP hydrolysis rates are observed for the S.cervesiae enzyme 
Ded1 with kcat values of 2 - 10 s
-1[76-77]. In comparison to other DEAD-box proteins YxiN 
therefore exhibits a rather high ATP hydrolysis rate.  
The R330A mutation in the motif VI leads to a loss in ATPase activity. This can be explained 
by the fact that this mutation leads to a drastically reduced binding of RNA in the absence of 
any nucleotide and in the presence of ADPNP. There is no loss in ATP binding but rather an 
increase in ATP affinity. Therefore a loss of RNA binding could possibly lead to a loss in 
stimulation and therefore to a loss in ATPase activities. The intrinsic ATPase activity of 0.03 
min-1[33] might be too low to be observed in the conditions of the spectroscopic assay 
performed. 
The same loss in ATPase activity can be observed for the YxiN catalytic core linker mutations. 
YxiN lk 3, YxiN lk 4 and YxiN lk 15 are completely ATPase deficient, YxiN lk 5 and YxiN lk 13 
are clearly slower in ATP hydrolysis, YxiN lk 9 and YxiN lk 11 show ATP hydrolysis rates 
comparable to YxiN wildtype. The gradual loss of ATPase activity in both the longer and the 
shorter linker constructs could be attributed to a tighter binding of ATP to the YxiN linker 
mutants that might hinder stepping through the hydrolysis process. Loss of cooperativity 
between binding of ATP and RNA could also play a role since the binding of RNA in the 
presence of ADPNP is impaired. The linker thus seems to play a regulatory role regarding the 
ATP hydrolysis activity of YxiN. This is in good agreement with the finding that stepwise 
conversion of the eIF4A linker to the corresponding Vasa sequence resulted in enhanced 
ATPase activity, which revealed the linker to be a regulatory element[78]. Regarding ATPase 
activity gradually changing the linker length to shorter and longer sequences leads to a 
gradual loss in ATPase activity as well. Again, the linker size does have an impact on 





6.3 double stranded RNA unwinding activity 
 
YxiN wildtype supports unwinding of a double stranded RNA substrate consisting of a Cy3-
labeled 9mer hybridised to a Cy5-labeled 32mer in the presence of either, ATP and ADP·BeFx. 
Efficient unwinding activity of stable duplexes in the presence of ADP·BeFx but not in the 
presence of ADP·AlF4 could also be observed for other the DEAD-box proteins Ded1, Mss116 
from S.cerevisiae and eIF4A from H.sapiens[39]. This suggests that the energy of ATP 
hydrolysis is not required for strand separation, but for fast enzyme release and multiple 
substrate turnovers[65]. Furthermore eIF4A has similar unwinding rates with ATP and ATPγS 
supporting the hypothesis, that ATP hydrolysis is not the rate limiting step for RNA 
unwinding[79]. Interestingly, all these enzymes and also CYT-19 from N.crassa can achieve 
complete strand separation using a single ATP[36]. These findings imply that also ADPNP 
should promote double stranded RNA unwinding. Unwinding activity in presence of this 
nucleotide could nevertheless not been shown for any of these DEAD-box proteins and also 
not for YxiN. ADPNP unlike ADP·BeFx thus does not mimic ATP in eliciting or stabilising a 
protein conformation that promotes strand separation, although no differences in structure 
are observed[36].  
Previous findings show that ATP promotes faster double stranded RNA unwinding then 
ADP·BeFx in Ded1, Mss116 and eIF4A
[39]. This was also observed for YxiN wildtype 
performing a polyacrylamide gel unwinding assay with 5’-labelled 32mer. However, 
unwinding rates determined with the FRET based fluorescent assay in the presence of 
ADP·BeFx are even faster than in presence of ATP. This discrepancy might be due to 
limitations in the method. There is a dead time of a few seconds between the addition of 
enzyme and nucleotide before the fluorescent measurement can be started. If the 
unwinding reaction takes place rather fast, the very first part of the slope is missed, 
negatively influencing the calculated unwinding rates, by overestimating the later time 
points in the reaction. Since the unwinding rates for the catalytic core linker mutants are 
higher for ATP and not for ADP·BeFx this hypothesis seems rather plausible. In these mutants 
all unwinding rates are in general lower in the presence of ADP·BeFx than in the presence of 




constructs. This is in very good agreement with the finding that also ATP hydrolysis is 
diminished in these mutants. Nevertheless loss in ATPase activity cannot directly account for 
the loss of unwinding activity as binding of ATP and not hydrolysis is necessary for unwinding 
reactions. The loss of ATP affinity observed for the longer YxiN linker constructs could 
explain the loss of unwinding activity for these mutants, but not for the shorter linker 
constructs that have a high affinity for ATP.  
Again this work clearly shows that the linker in the catalytic core has a regulatory impact on 
the enzymatic function of YxiN, but it is still difficult to determine the actual mechanism by 
which this regulation is achieved.  
 
 
6.4 Conformational state of the catalytic core 
 
In the absence of 153mer RNA and nucleotide YxiN wildtype adopts an open conformation 
as reflected by a FRET efficiency of 0.4[46]. A closed conformation reflected by a FRET 
efficiency of 0.7[46] is induced upon addition of 153mer RNA and ADPNP, ADP·BeFx or 
ADP·MgFx as well as with ATP
[46]. In the presence of only one substrate or in the presence of 
153mer RNA and ADP, the closure of the cleft in the catalytic core cannot be observed. As 
reflected by the fact, that pre-hydrolysis as well as post-hydrolysis analogues of ATP induce a 
closed conformation in the catalytic core, ATP hydrolysis does not lead to a reset of the 
enzyme to an open conformation, but release of the phosphate has to occur prior to 
reopening of the cleft. In the presence of ADP and 153mer a minor peak corresponding to a 
closed conformation can be found in high concentrations of ADP indicating, that a small 
subfraction of the enzymes is in a closed conformation even at the end of the enzymatic 
cycle.  
The motif VI mutant R330A shows an open conformation in the absence of any substrate 
and a closed conformation in the presence of ADP·BeFx. The loss in ATPase activity and 




good agreement with the earlier findings that the motif I mutant K52Q that is ATPase and 
unwinding deficient still assumes the closed conformation, indicating that closure of the cleft 
is necessary, but not sufficient to induce enzymatic activity[56].  
The mutations of the linker in the catalytic core YxiN lk 5 to YxiN lk 13 show the same 
conformational changes as wildtype in the presence of the different substrates, although 
YxiN lk 5 is ATPase deficient and barely unwinds a double stranded RNA substrate. Again, 
closure of the cleft is not sufficient to induce enzymatic activity. In the longest YxiN linker 
mutant, YxiN lk 15 ADPNP or ATP and 153mer RNA substrate do not induce a closed 
conformation anymore. The same is seen for the YxiN linker construct YxiN lk 4. Both 
mutants adopt a closed conformation in the presence of ADP·BeFx and 153mer though. 
Although ADP·BeFx mimics ATP that it can support double stranded RNA unwinding, there 
seems to be a substantial difference in binding of the nucleotide to the enzyme as it can 
force YxiN mutants in a closed conformation, that are in an open conformation in the ATP- 
and RNA-bound state. Interestingly the shortest linker construct, YxiN lk 3 also does not 
adopt a closed conformation in the presence of ADP·BeFx and 153mer. In this case the 
differences in the binding geometry seem to be overcome by the most constricted 
movement of the catalytic core domains.  
All in all, single molecule FRET studies indicate, that the length of the linker in the catalytic 
core is essential for the enzyme to adopt the correct conformation in the presence of 
different substrates. If the movement of the two RecA domains relative to each other is too 
restricted, adopting a closed conformation is hindered. On the other hand, if there is too 
little limitation of the movement of the two RecA domains relative to each other, the correct 
conformation can not be adopted either. The need for a limitation in flexibility of the 
catalytic core is also evident from the finding, that addition of the N-terminal domain of the 






6.5 The role of the linker in other two-domain proteins 
 
The DEAD-box protein eIF4A harbours the only linker in the catalytic core of a DEAD-box 
protein which has a function assigned. eIF4A is part of the eIF4F initiation complex and 
unwinds local secondary structures in mRNA allowing the 43S rRNA to bind during the 
initiation of translation. The linker in the catalytic core of human eIF4A III undergoes a 
conformational change with ADPNP and RNA bound that ensures the close proximity of the 
two RecA domains needed for enzymatic activity[78]. If now an inhibitor of eIF4A, PatA, is 
present there is an increase in ATPase and helicase activity[80-81]. This modulation in enzyme 
activity is conferred by binding of the inhibitor to the linker in the presence of RNA and ATP 
and therefore inducing a more closed conformation[78]. Similar to YxiN there is also an 
influence of the linker in the catalytic core, although it is not clear, how the linker controls 
enzymatic function in YxiN.  
Moving from RNA chaperones to protein chaperones the linker between the ATPase domain 
and the substrate binding domain of DnaK is found to be necessary and sufficient to 
stimulate the activity of the ATPase domain. Here the linker is proposed to be a switch in the 
enzyme. If the linker binds to a binding site in the ATPase domain it stimulates ATPase 
activity of this domain. Normally the linker is prevented from binding to the ATPase domain 
but upon substrate binding the linker gets available for binding on the ATPase domain, 
therefore the linker plays a role in interdomain communication[82].  
The need for a certain length of the linker between two domains as seen for YxiN is also 
found in the eukaryotic ion transporting ATPase sarcoplasmic reticulum Ca2+-ATPase 
(SERCA1a) that catalyses Ca2+ transport coupled to ATP hydrolysis[83-84]. SERCA1a consists of 
three cytoplasmic domains, the nucleotide binding domain, the phosphorylation domain and 
the actuator domain and ten transmembrane helices. Here the linker length between the 
actuator domain and the first transmembrane helix is critical for the correct positioning and 
the interactions of the actuator domain and the phosphorylation domain to cause structural 
changes important for Ca2+ release[85]. A similar dependence on the linker length is also 




A linker between two domains of a protein could also play a role in nucleic acid binding as 
seen in the PaxD protein from the anthozoan cnidarian Acropora maillepora. Here the linker 
region makes minor groove DNA contacts, but the contribution of the linker to DNA binding 
and specificity has not been extensively studied[87]. Although in the case of YxiN, specific RNA 
binding of the linker was not shown, there is a clear effect seen on RNA binding with 
mutations in the linker with decreased affinities in the presence of ADPNP.  
 
The study at hand shows a clear impact of the linker in the catalytic core of the DEAD-box 
protein YxiN from B.subtilis on substrate binding properties (nucleotide and RNA affinities), 
on enzymatic functions (ATPase and double stranded RNA unwinding activity) and on the 
conformational state of the enzyme with a clear dependence on the length of the linker. Too 
much flexibility or too much restriction in the linker sequence leads to impairments in all 
properties investigated. Thus the linker plays an important regulatory role. Examination of 
all the enzymatic properties of the mutation of the only conserved amino acid residue T211A 
might shed some additional light onto the role of the linker in the catalytic core of YxiN. 
Studies on the structural integrity of constructs consisting of either the N-terminal or the C-
terminal catalytic core domain and the linker could be applied to get insight on some 
structural function in regulation. In addition labelling-experiments of the linker in presence 
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